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Bacteria were historically considered as individuals they proliferate 
independently and are unable to interact with each other or collectively respond to 
environmental stimuli, as typically for multi-cellular organisms. Over the past two 
decades, however, our understanding of bacteria has dramatically changed. People 
now realize that many bacterial cells are in fact, highly communicative via a dedicated 
cell-cell communication system. This type of cell-cell communication is also known 
as “quorum sensing” (QS), which emphasizes the fact that a sufficient number of 
bacteria, the bacterial “quorum”, is needed to switch on or off the expression of target 
genes and to coordinate different biological functions. Given the fact that QS is now 
recognized as playing a major role in the virulence of many pathogenic bacteria, anti-
QS approaches, also known as “quorum quenching” (QQ) or “signal interference” 
(SI), have recently been proposed as a promising strategy for preventing and 
controlling bacterial diseases. Therefore, better understanding of QS signal 
interference might provide new insights on how to uncouple bacterial QS and 
significantly facilitate the development of novel antimicrobial agents. In this study, I 
explored the widespread existence of QS signal interference within and across the 
kingdoms and identified several QQ factors from bacteria and mammals. 
Microbial diversity has been investigated in multi-species biofilms from a 
water reclamation system. At least 11 bacterial species were revealed by 16S 
ribosomal RNA gene sequencing analysis, including the frequently encountered 
bacterial pathogens Pseudomonas aeruginosa and Klebsiella pneumoniae, and several 
rare pathogens. Among them, Pseudomonas isolate HL43 has been further 
characterized. It was shown virulent against animal model Caenorhabditis elegans 
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and generated 2-6 folds more pyocyanin cytotoxin than Pseudomonas strains PA01 
and PA14, the two commonly used laboratory strains. We also found that bacterial 
isolates Agrobacterium tumefaciens XJ01, Bacillus cereus XJ08 and Ralstonia sp. 
XJ12 could produce N-acyl homoserine lactone (AHL) degradation enzymes. The fact 
that AHL-producing and AHL-degradating bacterial species coexisted in biofilms 
may indicate the sophisticated dynamics of QS signaling and signal interference in the 
determination of microbial composition in multi-species biofilms.  
A putative quorum sensing inhibitor (QSI), tentatively named as “PAi”, has 
been isolated and purified from P. aeruginosa PAO1. This QSI compound showed 
strong inhibitory activity against the QS-dependent lacZ reporter gene expression. 
The inhibitory activity could be partially overcome by supplementation of AHL, 
suggesting that this QSI compound may interfere with QS regulation in a dosage-
dependent competitive manner. Unlike AHL-type signals, the PAi compound was 
highly polar and cannot be dissolved or extracted by organic solvents such as ethyl 
acetate, chloroform and hexane. The PAi was fairly stable, resistant to high 
temperature and acid- or alkaline-treatment. Nuclear magnetic resonance (NMR) and 
mass spectrometry (MS) analysis indicated that PAi is very likely to be 2-amino-4-
methoxy-but-3-enoic acid, an amino acid containing an enol ether group.  
The molecular mechanisms of PAi production have also been investigated. 
King’s A medium which favors pyocyanin production resulted in the best PAi 
production among the tested media. The gene PA2305, which encodes a putative non-
ribosomal peptide synthetase (NRPS), was identified essential for the production of 
PAi. According to microarray analysis, the transcription of PA2305 is likely under the 
regulation of QS. Consistently, the QS dual mutants MW1 (lasI::tetA, rhlI::Tn501), 
and DMR (∆lasR::Tcr, ∆rhlR::Gmr) , which defected in the AHLs synthesis or the 
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corresponding reception, respectively, were defective in PAi production. These results 
pointed to the involvement of QS system in the regulation of PAi production. 
AHL enzymatic inactivation activity, albeit with variable efficiencies, has 
been found conserved in a range of mammalian serum samples, including human, 
rabbit, mouse, horse, goat, and bovine, but not in chicken and fish. High-performance 
liquid chromatography (HPLC) and electrospray ionization mass spectrometry (ESI-
MS) analyses showed that these mammalian sera hydrolyzed the lactone ring of AHLs 
to produce acyl homoserines, through the action of enzymes reminiscent of 
paraoxonases (PONs). Animal cell lines expressing mouse PON genes displayed 
strong AHL degradation activities. Further analysis revealed that mammalian sera 
PONs possess a catalytic mechanism different from bacterial AHL-lactonase, 
although they share a same function in degrading AHL signals. The QQ occurrence 
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 CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Quorum sensing in bacteria 
Bacteria were historically considered as separated individuals which perform 
their own biological activities independently. However, recent advances in the study 
of bacteriology have discovered that many bacteria employ a dedicated cell-cell 
communication system for synchronization of gene expression and functional 
coordination. This type of cell-cell communication is known as “quorum sensing”, 
which emphasizes the fact that a sufficient number of bacteria, the bacterial 
“quorum”, is needed to switch on or off the expression of target genes.  
The term “quorum sensing” first appeared in a minireview written by Clay 
Fuqua et al. (1994). It originated with a lawyer who was trying to understand what 
they were studying as Steve Winan (the 2nd author) explained the phenomenon to him 
during a family gathering at Christmas (Greenberg, 1996). The quorum sensing 
bacteria produce, detect and respond to small signal molecules. The most 
characterized quorum-sensing signals in Gram-negative bacteria are the N-acyl 
homoserine lactones (AHLs) (Fuqua et al., 2001), while Gram-positive bacteria 
produce small peptides as quorum-sensing signals (Dunny and Leonard, 1997). Up to 
now, more than 70 bacterial species have been reported to produce AHLs (Dong et 




1.1.1 Discovery of bacterial quorum sensing 
The phenomenon of quorum sensing, originally termed autoinduction, was 
initially discovered in the luminescent marine bacteria Vibrio fischeri and Vibrio 
harveyi in the early 1970s (Nealson et al., 1970; Eberhard, 1972). It was noted that 
the bioluminescence of these bacteria exhibits a lag to their growth. When these 
bacteria are cultured in broth, the onset of exponential growth occurs without a lag but 
luminescence does not increase until mid-logarithmic phase, and the maximum 
luminescence occurs in stationary phase. Furthermore, luminescence in early log-
phase cultures can be induced by addition of the cell-free supernatant from stationary 
phase. This phenomenon called bacterial autoinduction was defined as an 
environmental sensing system that allows bacteria to monitor their own population 
density. The bacteria produce a diffusible compound termed autoinducer (AI) which 
accumulates in the surrounding environment during growth. At low cell densities the 
concentration of autoinducer is low, while along with bacterial proliferation the 
autoinducer accumulates to a threshold of concentration required for activation of 
luminescence.  
In 1981, the V. fischeri autoinducer (VAI) was identified as N-3-
(oxohexanoyl)-homoserine lactone (3OC6HSL) (Eberhard et al., 1981). Later, the 
genes required for autoinducible luminescence in V. fischeri were identified 
(Engebrecht et al., 1983), including luxR and the luxICDABE operon. The luxR gene 
encodes a transcription factor positively activating the luxICDABE operon. The 
luxCDABE genes encode the luciferase enzymes for luminescence. The luxI gene 
encodes the enzyme for VAI biosynthesis (Engebrecht and Silverman, 1984). It has 
been established that V. fischeri regulates the luminescence autoinduction via luxR 
and luxI. At low cell densities, luxI is transcribed at a basal level and VAI 
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accumulates slowly in the bacterial culture. As bacterial cells grow, the bacterial 
population density increases, and so do the VAI signal molecules. When VAI 
accumulates to a sufficiently high concentration, the signals interact with LuxR, 
which then activates the transcription of the luxICDABE operon, resulting in 
production of the luciferase encoded by luxCDABE and the VAI synthase encoded by 
luxI in a positive feedback control pattern. However, V. fischeri luminescence 
autoinduction was not considered as a common phenomenon until in the early 1990s 
when the AHLs regulating a range of biological functions were identified in several 
taxonomically unrelated bacterial species. 
 
1.1.2 Quorum sensing is conserved in diverse bacterial species  
In early 1990s, phenomena similar to V. fischeri autoinduction were 
discovered in several bacterial species, including Agrobacterium tumefaciens (Zhang 
and Kerr 1991; Zhang et al., 1993; Piper et al., 1993), Erwinia carotovora (Bainton et 
al., 1992; Jones et al., 1993), and Pseudomonas aeruginosa (Passador et al., 1993). 
Zhang and Kerr (1991) initially found that a diffusible compound produced by 
A. tumefaciens can enhance conjugal transfer of Ti plasmid. Purification and 
structural identification of this diffusible compound showed that it is N-(3-
oxooctanoyl)-L-homoserine lactone (3OC8HSL) (Zhang et al., 1993). This small 
compound, also known as A. tumefaciens autoinducer (AAI), has a structure very 
similar to VAI, with the same homoserine lactone moiety but a longer acyl chain. 
Simultaneously, the AAI-dependent transcription factor TraR, a homolog of LuxR, 
was also identified in A. tumefaciens (Piper et al., 1993). Based on these findings, it 
was proposed that AHLs may be widely conserved signals for gene regulation and the 
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LuxR-like regulatory mechanism may be common in microbial kingdom (Zhang et 
al., 1993; Piper et al., 1993).  
The other two important findings in early 1990s were that the plant pathogen 
E. carotovora and the opportunistic human pathogen P. aeruginosa regulate the 
expression of target genes in a similar manner to the V. fischeri autoinduction system 
(Bainton et al., 1992; Jones et al., 1993; Pirhonnen et al., 1993; Passador et al., 1993).  
The plant pathogen E. carotovora produces a variety of cell-well degrading 
enzymes required for virulence (Hinton et al., 1989) and these virulence factors are 
activated at the late stages of bacterial growth (Williams et al., 1992). Initially, 
3OC6HSL, the autoinducer of V. fischeri, was identified to regulate the biosynthesis 
of carbapenem antibiotics in E. carotovora (Baiton et al., 1992). Later on, that a 
similar mechanism to the V. fischeri autoinduction system was also found in E. 
caratovora. A search for E. carotovora mutants deficient in production of 
exoenzymes led to identification of the expI gene, a homolog of luxI (Jones et al., 
1993). It was found that the same diffusible molecule, 3OC6HSL, regulated the 
exoenzyme production in E. carotovora (Pirhonnen et al., 1993). It is known now that 
E. carotovora has two pairs of LuxR/LuxI homologs, ExpR/ExpI and CarR/CarI. 
Both of ExpI and CarI produce the same autoinducer 3OC6HSL (Andersson et al., 
2000). It appears that CarR and ExoR respond to the same signal to regulate 
production of antibiotics carbapenem and synthesis of exoenzymes.  
In P. aeruginosa, production of the virulence factor elastase requires the 
transcription activator LasR, a homolog of LuxR (Gambello and Igleweki, 1991; 
Gambello et al., 1993; Passador et al., 1993). In addition, the luxI homolog lasI was 
identified in P. aeruginosa, and found to be essential for high-level expression of 
elastase (Passador et al., 1993). One year later, the P. aeruginosa autoinducer (PAI), 
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N-(3-oxododecanoyl)-L-homoserine lactone (3OC12HSL), was further identified 
(Pearson et al., 1994).  
These findings suggest that a universal gene regulation mechanism similar to 
the V. fischeri bioluminescence autoinduction system may exist in diverse bacterial 
species. This mechanism was designated as quorum sensing (Fuqua et al., 1994). 
Since 1993, as expected, the list of bacterial species known to produce AHL quorum-
sensing signals has expanded rapidly (Zhang, 2003; Dong et al., 2007; Williams et al 
2007).  
 
1.1.3 Classification of quorum-sensing signals and biological functions 
Table 1.1 lists the examples of bacterial species that can utilize AHL-quorum-
sensing systems to regulate different biological functions, including bioluminescence 
(Eberhard et al., 1981), Ti plasmid conjugal transfer (Zhang et al., 1993; Piper et al., 
1993), virulence (Jones et al., 1993; Passador et al., 1993; Pirhonen et al., 1993; Swift 
et al., 1999), biofilm formation (Davies et al., 1998), antibiotic production (Bainton et 
al., 1992; Pierson et al., 1994), and swarming mobility (Eberl et al., 1996).  
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                  Biological 
                   functions 
    
Aeromonas C4HSL AhyI-AhyR exoprotease production (Swift et al., 
hydrophila   1997 and 1999) 
    
Aeromonas C4HSL AsaI-AsaR exoprotease production (Swift et al., 
salmonicida    1997 and 1999) 
    
Agrobacterium 3OC8HSL TraI-TraR Ti plasmid conjugation (Zhang et al., 
1993 ; Piper et al., 1993) tumefaciens   
    
Burkholderia (a) C8HSL CepI-CepR protease, siderophore, swarming 
motility (Lewenza et al., 1999; Aguilar 
et al., 2003) 
cepacia (b) C6HSL CciI-CciR 
   
    
Chromobacterium C6HSL CviI-CviR violacein pigment, hydrogen cyanide, 
violaceum   antibiotics, etc (McClean et al., 1997a)
    
Erwinia 3OC6HSL (a) ExpI-ExpR (a) exoenzyme synthesis, 
carotovora  (b) CarI-CarR (b) carbapenem antibiotic synthesis 
(Bainton et al., 1992; Jones et al., 
1993 ; Pirhonen et al., 1993; Passador 
et al., 1993; McGowan et al., 1995)
   
   
    
Erwinia 3OC6HSL ExpI-ExpR pectinase synthesis (Nasser et al., 
chrysanthemi C6HSL  1998; Reverchon et al., 1998) 
    
Erwinia 3OC6HSL EsaI-EsaR capsular polysaccharide biosynthesis, 
stewartii   virulence (Beck von Bodman and 
   Farrand, 1995) 
    
Pseudomonas C6HSL (a) PhzI-PhzR (a) phenazine antibiotic biosynthesis, 
(b) cell surface components (Pierson et 
al., 1994; Zhang and Pierson, 2001) 
aereofaciens  (b) CsaI-CsaR 
   
    
Pseudomonas (a) 3OC12HSL (a) LasI-LasR (a) virulence factors, biofilm 
aeruginosa   formation (Pearson et al., 1994) 
 (b) C4HSL (b) RhlI-RhlR (b) rhamnolipid production 
   (Pearson et al., 1995) 
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                  Biological 
                   functions 
Pseudomonas 
putida 
3OC6HSL Ppu-PpuR biofilm development (Elasri et al., 
2001; Steidle et al., 2002) 3OC8HSL  
 3OC10HSL   
    
Ralstonia C6HSL SolI-SolR unknown (Flavier et al., 1997) 
solanacearum C8HSL   
    
Rhizobium multiple,  RaiI-RaiR restriction of nodule number  
etli unconfirmed  (Rosemeyer et al., 1998) 
    
Rhizobium (a) C6HSL (a) RhiI-RhiR (a) rhizosphere genes and growth 
leguminosarum C8HSL  inhibition (Gray et al., 1996) 
 (b) 3H-7-cis-
C14HL 
(b) CinI-CinR (b) plasmid pRL1JI transfer 
  (Lithgow et al., 2000) 
    
Rhodobacter 7-cis-C14HL CerI-CerR preventing  bacterial aggregation 
sphaeroides   (Puskas et al., 1997) 
    
Serratia C4HSL SwrI-SwrR swarming motility, biosurfactant 
exoprotease (Eberl et al., 1996; 
Givskov et al., 1997; Riedel et al., 
2001) 
liquefaciens C6HSL  
   
    
Serratia C6HSL SpnI-SpnR sliding motility, biosurfactant, 
pigment, nuclease (Wei et al., 2006) marcescens 3OC6HSL  
    
Vibrio 3OC10HSL VanI-VanR unknown (Milton et al., 1997) 
anguillarum    
    
Vibrio 3OC6HSL LuxI-LuxR bioluminescence (Eberhard et al.,  
fischeri   1981) 
    
Yersinia C6HSL, YenI-YenR swimming and swarming motility 
(Throup et al., 1995) enterocolitica 3OC6HSL  
    
Yersinia (a)3OC6HSL (a) YpsI-YpsR bacterial aggregation and 
pseudotuberculosi (b) C8HSL (b) YtbI-YtbR motility (Atkinson et al., 1999) 
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1.2 Quorum sensing mechanism 
The bacterial quorum sensing process contains several key steps: signal 
generation, signal perception and induction of target genes. Recently, Zhang et al. 
(2002) identified a genetically controlled signal turnover system in A. tumefaciens that 
enables bacterial cells to sense a change in growth and consequently to switch off the 
quorum-sensing machinery. This system comprises transcription factors and an AHL-
lactonase, which hydrolyses the homoserine lactone ring of 3OC8HSL (Zhang et al., 
2002). 
 
1.2.1 Generation of AHLs 
More than a dozen different AHL quorum-sensing signals have been 
identified. All AHLs are consisted of an acyl chain with even number of carbons 
ranging from 4 to 14 in length, ligated to the amino nitrogen of the homoserine 
lactone moiety via an amide bond. A primary site of variation is the third position of 
the acyl chain: it can be a carbonyl or a hydroxyl group, or fully reduced hydrogen 
(Fig.1.1). Generally speaking, each bacterial species produces one kind of AHL, 
indicating that the length of acyl chain and the modification at the second position 




Fig. 1.1 Structures of AHLs 
A. Common structure of AHL. (n = 0, 1, 2, 3 …; R = H, O or OH). 
B. Representative AHLs identified in diverse bacterial species.  
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 Most AHLs are generated by AHL synthase, members of LuxI-family proteins 
(Eberhard et al., 1991; More et al., 1996; Schaefer et al., 1996; Parsek et al., 1999). In 
addition, some enzymes unrelated to LuxI, such as AinS and LuxM proteins, were 
also found to synthesize AHLs (Gilson et al., 1995; Bassler et al., 1993). The acyl 
chain is synthesized via the common fatty acid biosynthesis pathway and the 
homoserine lactone is derived from SAM (Fig.1.2). Several proteins and enzymes 
have been identified in the biosynthesis of AHLs, including the acyl carrier proteins 
(ACPs), the enoyl-ACP reductase FabI and AHL synthase. FabI reduces enoyl-ACP 
to acyl-ACP (Hoang and Schweizer 1999), which reacts with SAM and is catalysed 
by AHL synthase to produce AHL (Schaefer et al., 1996; More et al., 1996). The 
LuxI-family protein couples a specific acyl-group to SAM via formation of amide 
bond between the acyl side chain of the acyl-ACP and the amino group of the 
homocysteine moiety of SAM. Subsequent lactonization of the ligated intermediate, 
along with the release of 5-methylthioadenosine (5-MTA), results in formation of 
AHLs (Parsek et al., 1999). 
The other important protein implicated in AHL biosynthesis is the LuxR-type 
transcription factor, which is required for the activation of quorum-sensing-dependent 
production of AHLs (Zhu and Winans, 1999; Qin et al., 2000; Welch et al., 2000; 








































































Fig. 1.2 AHL biosynthesis 
Abbreviations: ACP, acyl carrier protein; AHL, acyl homoserine lactone; ATP, 
adenosine-triphosphate; CoA, coenzyme A; FabI,  enyol-ACP reductase; Met, 
methionine; 5-MTA, 5- methylthioadenosine; SAM, S-adenosylmethionine. 
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 1.2.2 Accumulation of AHLs 
AHLs appear to function as quorum-sensing signals only when they reach or 
beyond a critical threshold of concentration in a given environment. Before quorum-
sensing systems become activated, AHL synthases are expressed at a basal level. 
Therefore, AHL accumulation within a bacterial community is a vital part of quorum 
sensing. 
It is obvious that increase of population density is the primary mechanism by 
which AHL concentrations can rise to a threshold level. This is also the reason why 
AHL can be used to monitor bacterial population quorum. However, physical and 
chemical factors can also influence the dynamics of AHL accumulation in a bacterial 
community. One of the important factors is the diffusion ability of AHLs. Generally, 
it is assumed that AHL signals can passively diffuse across bacterial membranes 
based on the study that V. fischeri quorum-sensing signal, 3OC6HSL, freely diffuses 
in and out of V. fischeri and E. coli cells (Kaplan and Greenberg, 1985). However, 
there is also evidence that 3OC12HSL, one of the two P. areuginosa quorum-sensing 
signals, is not freely diffusible (Pearson et al., 1999). The mexA-mexB-oprM-encoded 
efflux pump is involved in active transport of 3OC12HSL out of P. aeruginosa cells 
(Evans et al., 1998; Pearson et al., 1999). It has been reported that the length of the 
acyl chain is the major specificity determinant in the quorum-sensing system of E. 
carotovora. Interestingly, in vitro, the optimum acyl chain length of AHLs (7-8 
carbons) for binding to the receptor CarR, the equivalent of TraR, is consistently 
longer than the optimum of 6-7 carbons determined in vivo (Welch et al., 2000). 
These findings suggest that those more hydrophobic AHLs with longer acyl chains (8-
14 carbons) would be less soluble in the cytoplasm and more concentrated on 
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membranes, and therefore active transport systems are likely required for AHL 
intercellular movement. Another factor affecting AHLs accumulation is the stability 
of AHLs in a given environment. In neutral physiological conditions, AHLs are fairly 
stable. High pH, however, will accelerate degradation of AHLs. It is reported that 
increasing of pH in bacterial culture results in degradation of 3OC6HSL during 
stationary phase of E. carotovora (Byers et al., 2002).  
 
1.2.3 Transcriptional regulation of target genes 
LuxR-type protein, a transcription regulator, is the master controller of an 
AHL quorum-sensing regulatory system. According to the current model of quorum-
sensing-dependent gene regulation (Fuqua et al., 2001), LuxR-type proteins carry out 
transcriptional regulation of target genes responding to accumulated AHLs through 
these steps: (a) specific binding with cognate signal AHLs, (b) conformational 
changes and multimerization (or folding) following this binding, (c) binding to the 
“lux box”, which is the specific regulatory sequence upstream of the target genes, and 
(d) activating (or repressing) of the target gene transcriptional expression.  
Genetic and biochemical evidence showed that the LuxR-type proteins are the 
receptors of AHLs. AHLs can be co-purified with LuxR-type proteins from E. coli 
cells expressing luxR or lasR in the presence of AHLs (Adar and Ulitzur, 1993; 
Pearson et al., 1997). Mutations in luxR reduce or abolish the association of 
3OC6HSL with LuxR (Hanzelka and Greenberg, 1995). Purified preparations of the 
TraR from A. tumefaciens and the CarR from E. carotovora are also stably associated 
with their cognate 3OC8HSL and 3OC6HSL, respectively (Zhu and Winans, 1999; 
Welch et al., 2000). Further analysis indicated that V. fischeri LuxR protein consists 
of two domains, the amino-terminal domain involved in binding to the AHL and the 
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carboxyl-terminal domain involved in multimerization and DNA binding (Shadel et 
al., 1990; Slock et al., 1990; Choi and Greenberg, 1991 and 1992; Stevens et al., 
1994). It is likely that other LuxR-type proteins also interact with AHLs at their 
amino-terminus based on sequence comparison. 
Interaction with AHLs may activate the LuxR-type proteins by modulating 
their ability to bind to DNA. Based on the deletion analysis of LuxR and LasR (Choi 
and Greenberg, 1991; Pesci et al., 1997), a model has been proposed that the amino-
terminal domain of LuxR or LasR can inhibit DNA binding of the carboxyl-terminal 
domain. This inhibitory function is eliminated when amino-terminal domain binds to 
AHLs. The recently published 3D structure of TraR illustrates how TraR interacts 
with its ligand and promoter DNA (Zhang et al., 2002). Ligand-induced 
multimerization is common among regulatory proteins. Deletion alleles encoding 
truncated LuxR proteins lacking 15-89 of the carboxyl-terminal amino acid residues 
exerted a dominant negative effect on wild-type luxR (Choi and Greenberg, 1992), 
indicating that truncated LuxR protein formed inactive hetero-dimers with the wild 
type LuxR protein. Binding of 3OC8HSL drives dimerization of TraR, further 
analysis of hetero-dimers formed between TraR and its deletion mutants localized the 
dimerization domain to a region between residues 49 and 156 (Qin et al., 2000). The 
CarR protein of E. carotovora exists as a dimer in the absence of ligand and is shifted 
to a higher-order multimer(s) in response to AHL addition (Welch et al., 2000). 
To activate target gene expression, the LuxR-AHL complex binds to the 
promoter region of target genes. The DNA sequence element recognized by the 
complex is often called a “lux box”. The lux box is an inverted repeated sequence 
ranging from 18-22 base pairs, which was originally identified upstream of the lux 
operon transcription start site in V. fischeri (Devine et al., 1989; Egland and 
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Greenberg, 1999) and now has been found in several different bacterial sequences 
(Fuqua et al., 1994; Gray et al., 1994). Generally, the lux-type boxes are located just 
upstream of the –35 promoter element of the target genes regulated by LuxR-type 
proteins, although the mechanism by which the upstream site contributes to promoter 
activity is not yet known. The primary sequence similarity of lux-type boxes is quite 
conserved among diverse bacteria, however, some examples showed that different 
promoter architecture can also be recognized by LuxR-type proteins (Fuqua et al., 
1995; Fuqua and Winans, 1996), indicating that such regulatory elements could be 
divergent.  
Most LuxR-type proteins are positive transcriptional activators. Null 
mutations of LuxR family genes usually cause decreased expression of the target 
genes. In vitro experiments showed that LuxRΔN (N-terminal deleted LuxR) and 
TraR-3OC8HSL complex are sufficient to activate target gene transcription from 
purified DNA templates in the presence of RNA polymerase (RNAP) (Stevens and 
Greenberg, 1997; Zhu and Winans, 1999), suggesting that LuxR-type proteins directly 
interact with RNAP. In general, it is thought that LuxR-type proteins probably interact 
with the carboxy-terminal domain of the RNAP α subunit, or σ subunit, or both 
(Rhodius and Busby, 1998). It is likely that LuxR-type protein binds to a lux-type 
box, which is just up-stream of the –35 sequence, then recruits RNAP and initiates the 
transcription of target genes (Egland and Greenberg, 1999). In addition, different 
LuxR-type proteins probably have different mechanisms of transcription activation. 
Site-directed mutagenesis of LuxR indicated that residues within the carboxy-terminal 
DNA-binding domain are required for transcription activation (Egland and Greenberg, 
2001), but the transcription activation sites were found in amino terminus of TraR 
(Luo and Farrand, 1999). TraR binds to 3OC8HSL at amino terminus and then 
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dimerizes, and the dimer of TraR-3OC8HSL binds to the promoter region to activate 
transcription of tra genes (Qin et al., 2000). Another divergence among LuxR-type 
proteins is that some LuxR-type proteins may act as transcriptional repressors. One 
example is that EsaR protein of Pantoea stewartii represses the expression of its 
target genes for synthesis of exopolysaccharide (EPS) (von Bodman et al., 1998). 
Similar to other AHL quorum-sensing systems, the presence of 3OC6HSL elevates 
expression of target genes in P. stewartii, but, in contrast, null mutation of esaR led to 
constitutive expression of the EPS genes. Recently, it was demonstrated that EsaR 
regulates its own expression by AHL signal-independent repression and signal-
dependent derepression (Minogue et al., 2002), suggesting that the regulation 
mechanism of EsaR is different from other known LuxR-type transcriptional 
activators. 
 
1.2.4 QS signal turnover  
A signal turnover system is an essential component of many genetic regulatory 
mechanisms. Given the role played by the quorum sensing signal in the bacterial gene 
expression regulatory system, we may expect that its concentration is tightly regulated 
and a signal turnover system might exist. However, little is known about how 
bacterial cells exit the quorum sensing phase, once they have entered it. Recently, a 
QS signal turnover system that controls bacterial cells exiting from the QS-dependent 
Ti plasmid conjugal transfer has been identified in Agrobacterium tumefaciens (Zhang 
et al., 2002). The system, targeting small AHL molecules rather than proteins, 
comprises an AHL degradation enzyme encoded by attM, and a negative transcription 
factor AttJ. The enzyme AttM is capable of degrading 3OC8HSL by hydrolysis of its 
homoserine lactone ring. Expression of attM, which is repressed by the transcription 
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factor AttJ at the early stages of growth, is enhanced substantially when bacterial 
growth enters stationary phase. This finding suggested that A. tumefaciens has a 
refined QS turnover system, allowing the cells to sense a change in growth and adjust 
their cellular activities accordingly. 
Byers et al. (2002) provide another view in quorum sensing signal turnover. 
They showed that the concentration of 3OC6HSL in E. carotovora spp. carotovora 
culture supernatants rapidly decreases in the stationary phase and the decrease is due 
to non-enzymatic turnover of the signal. The non-enzymatic degradation of 
3OC6HSL is shown to involve alkalization of growth medium. They found that the 
pH of the supernatant is increased from 7 to ~8.5 as the bacterial growth phase 
progresses in LB medium. 3OC6HSL becomes unstable over a narrow pH range (pH 
7 to 8).  Its instability was increased at high temperatures even at neutral pH but could 
be prevented at the growth temperature (30°C) by buffering the samples at pH 6.8.  
 
1.3 Quorum sensing and signal interference  
QS activities have not only been described within cells of the same species 
(intra-species), but also between different species (inter-species) and between 
prokaryote and eukaryote organisms (inter-kingdom). It is rational that a range of 
signal interference mechanisms emerge naturally during the long term of evolution 
and competition. Over the past few years, targeting and interrupting of bacterial QS 
systems became a popular topic which has drawn global attention of researchers. Such 
targeting of QS systems is denoted as ‘quorum quenching’ (QQ) or ‘signal 
interference’ (SI) (Dong et al., 2001, 2004; Hentzer and Givskov, 2003; Zhang, 2003; 
Zhang and Dong, 2004). Molecular mechanisms identified to date are reviewed as 
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following. I believe without a doubt that more novel QQ mechanisms will be revealed 
in the future.   
1.3.1 AHL signal degradation 
One of the most obvious and straightforward means to interfere with QS is to 
target the signal for destruction, preventing it from accumulating. Screening soil 
microorganisms for factors that can inactivate AHLs has led to isolation of a number 
of bacterial strains exhibiting AHL-degrading activity. (Table 1.2) 
 
1.3.1.1 AHL-Lactonase 
AiiA is the first identified AHL-inactivation enzyme. This protein is encoded 
by the aiiA gene from the Gram-positive bacterium Bacillus isolate 240B1 (Dong et 
al., 2000). Chemical and biochemical analysis showed that AiiA is an AHL lactonase 
that hydrolyses the homoserine lactone ring of AHLs ( Fig. 1.3) and decreased their 
biological activity by a factor of more than 1000 (Dong et al., 2001).  
AiiA homologs were later found in many subspecies of Bacillus thuringiensis 
and closely related Bacillus species, including B. cereus and B. mycoides (Dong et al., 
2002; Reimmann et al., 2002; Lee et al., 2002). These homologs share high 
homologies ranging from 89% to 96% with AiiA240B1. Interestingly, Gram-negative 
bacteria also produce AHL lactonase. The attM gene of A. tumefaciens encodes an 
AiiA homolog that controls AHL signal turnover in a growth-phase-dependent 
manner (Zhang et al., 2002). AttM shares ~35% homology with AiiA240B1 but 
contains a HxDHx59Hx21D motif shared with the Bacillus homologs (Dong et al., 
2002). These AHL lactonases are small peptides of 250–264 amino acids (Dong et al., 
2001 and 2002, Reimmann et al., 2002; Lee et al., 2002; Zhang et al., 2002). 
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 Table 1.2 Organisms identified exhibiting AHL-degrading activity (adapted 
from Roche et al., 2004) 
Species Gene name Activity Notes Reference
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Huang et al. 
(2003); 















Uroz et al. 
(2003) 
 
ND, not determined.  
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 1.3.1.2 AHL-Acylase 
Another enzymatic mechanism for AHL inactivation has been reported by 
Leadbetter and Greenberg (2000). A soil isolate of Variovorax paradoxus, a Gram-
negative bacterium, was shown to use AHL signals as sole carbon source. In this 
process, homoserine lactone was released into the medium as a major degradation 
product, whereas the fatty acid was metabolized as the energy source. These data 
implicate an AHL acylase that hydrolyses the amide linkage between the acyl chain 
and the homoserine moiety of AHL molecules.  
The aiiD gene, encoding a novel and potent AHL acylase, has been cloned 
from a Ralstonia isolate (Lin et al., 2003). High-performance liquid chromatography 
and mass spectrometry analysis demonstrated that AiiD hydrolyses the AHL amide, 
releasing homoserine lactone and the corresponding fatty acid (Fig. 1.3). Notably, 
these degradation products do not exhibit any residual signaling activity (Lin et al., 
2003). The AHL acylase is also a potent enzyme and its expression in P. aeruginosa 
abolished AHL-based cell–cell communication, biofilm formation and virulence on C. 

























Fatty acid HSL  
 
Fig. 1.3 AHL degradation by AHL-lactonase and AHL-acylase (adopted 
from Wang et al., 2004) 
Abbreviation: AHL, acyl homoserine lactone; HS, homoserine; HSL, homoserine 
lactone. Symbols: n = 0, 1, 2, 3 …; R = H, OH or O  
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 1.3.2 Interruption and suppression of AHL biosynthesis 
Two biosynthetic pathways related to AHL synthesis have been illuminated. 
One is the fatty acid biosynthesis pathway, by which the acyl side chain is synthesized. 
Another is the synthesis of homoserine lactone from S-adenosylmethionine (Figure 
1.2) (Schaefer et al., 1996; Hanzelka and Greenberg, 1996; Jiang et al., 1998; More et 
al., 1996). Interrupting the AHL biosynthetic pathway and shutting down AHL 
synthesis, would be a highly effective means of blocking the QS cascade (de Kievit 
and Iglewski, 2000). Antibiotics targeting fatty acid biosynthesis pathway might 
suppress AHL generation in vitro. In fact, triclosan, an inhibitor of the enoyl-ACP 
reductase, reduced AHL production in vitro (Hoang and Schweizer, 1999). Triclosan 
is a widely used biocide that kills susceptible bacteria because fatty acid biosynthesis 
is essential to bacterial cell growth. It is not surprising that several bacterial pathogens 
have already developed resistance mechanisms to this detrimental chemical 
(Chuanchen et al., 2001; Schweizer, 2001). AHL synthase and the LuxR-type proteins, 
which are not essential for bacterial growth, might be promising targets for screening 
and designing durable quorum-sensing inhibitors. The recent elucidation of the crystal 
structures of an AHL synthase and a LuxR-type transcription factor could 
significantly facilitate this process (Watson et al., 2002; Zhang et al., 2002).  
The current advances in defining the enzymatic activities and substrate 
requirements of luxI homologues emphasize the potential of using the AHL synthase 
as an antimicrobial target (More et al., 1996; Schaefer et al., 1996; Jiang et al., 1998; 
Parsek et al., 1999). So far, several global repressor genes have been found to reduce 
the levels of transcripts of luxI homologues. Branny et al. (2001) have isolated a 
multicopy suppressor gene dksA from P. aeruginosa, which is a homolog to the E. 
 22 
coli dnaK. Over-production of this P. aeruginosa dksA gene inhibits QS dependent 
virulence factor production by down-regulating the transcription of the AHL synthase 
gene rhlI. Another global repressor gene qscR has recently been described as a 
modulator of QS signal synthesis and virulence in P. aeruginosa (Chugani et al., 
2001). The qscR gene product governs the timing of QS controlled gene expression. 
Its primary role is to repress the lasI function. The repression of lasI by QscR could 
serve to ensure that QS controlled genes are not activated in environments where they 
are not useful. A qscR mutant produces the lasI-generated signal prematurely, and this 
results in premature transcription of a number of quorum sensing-regulated genes. In 
additional to qscR and dksA, other global repressor genes such as rsaL, which is 
located downstream from lasR in P. aeruginosa (de Kievit et al., 1999) and rsmA, 
which is identified in E. carotovora subsp. carotovora T1 mutant (Cui et al., 1995), 
have also been reported. Overproduction of these AHL synthase repressor genes in 
plant pathogenic bacteria could be an attractive QQ strategy as a means of disease 
control. 
 
1.3.3 Interference with the bacterial membrane efflux pump (AHL transportation) 
Originally described in bacteria, efflux pumps (drug transporters) are now 
recognized as common membrane components in all cell types, from prokaryotes to 
superior eukaryotes (van Bambeke et al., 2003). It confers with bacteria on a common 
and basic mechanism of resistance by exporting antibiotics or other toxic molecules 
from the cell (McMurry et al., 1980). In an investigation of whether AHL can diffuse 
freely in and out of P. aeruginosa cells, it was discovered that, in addition to its slow 
diffusion, 3OC12HSL is actively pumped from cells by the MexAB-OprM pump 
(Pearson et al., 1999). This finding is intriguing because it suggests that antimicrobial 
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therapy designed to interfere with bacterial membrane pump and increase the 
antibiotic susceptibility of pathogenic bacteria will also affect this bacterial QS 
controlled gene expression and thus become more effective (de Kievit and Iglewski, 
2000). 
 
1.3.4 Small molecules interfering with AHL signal receptor 
A 4th approach to interfere with QS is to prevent the signal being recognized 
by the bacteria, by either blockage or destruction of the receptor --- LuxR homologue. 
A range of QS inhibitors (QSIs) have been identified from both natural and synthetic 
origins. 
 
1.3.4.1 Natural QSIs 
QSI compounds can be isolated from both plants and fungi, as they have co-
existed with QS bacteria for millions of years. It is expected that at least some of them 
can produce QSI compounds fight against pathogenic bacteria.  
The first and much-investigated group of identified QSI from natural sources 
is the halogenated furanone compounds produced by the Australian red macro-alga 
(seaweed) Delisea pulchra (de Nys et al., 1993). The structural similarity between 
these furanone compounds and AHLs (Fig. 1.4) suggested their effect on bacterial QS. 
The subsequent studies showed that these halogenated furanones inhibit several 
biological activities controlled by AHL-dependent QS systems, such as swarming 
motility of S. liquefaciens (Givskov et al., 1996), luminescence and virulence of V. 
harveyi (Manefield et al., 2000), antibiotic and exoenzyme production in E. 
carotovora pv. carotovora (Manefield et al., 2001), and biofilm development by P. 
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aeruginosa (Hentzer et al., 2002). The alga uses this kind of QQ approach to prevent 
its bacterial over-colonization. Although halogenated furanones are structurally 
similar to AHLs (Fig. 1.4), they do not form a stable complex with the LuxR-type 
transcription factors (Manefield et al., 2001 and 2002). Manefield et al. (2002) 
revealed that furanone compounds modulate LuxR activity through accelering the 
turnover of LuxR, rather than protecting the AHL-dependent transcriptional activator. 
It seems reasonable that halogenated furanones interact with LuxR and that this 
interaction causes conformational changes that subject the furanone-modified LuxR 
protein to rapid proteolytic degradation (Manefield et al., 2002).  
To date, different plants, including crown vetch, carrot, soybean, water lily, 
tomato, pea seedlings (Pisum sativum), habanero (chilli) and garlic, have been found 
to produce compounds capable of interfering with bacterial QS (Rasmussen et al., 
2005a; Teplitski et al., 2000). When examined in detail, garlic extract proved to 
contain a minimum of three different QS inhibitors, one of which has been identified 
to be a cyclic disulphur compound (Rasmussen et al., 2005a; Persson et al., 2005). 
This QSI exerts a strong antagonistic effect on LuxR-based QS but, interestingly, has 
no effect against P. aeruginosa QS (Rasmussen et al., 2005a).  
In a recent screening of 50 Penicillium species grown on different media, a 
remarkably high fraction, 66%, were found to produce secondary metabolites with 
QSI activity. Two of the compounds were identified as penicillic acid (PA) and 
patulin (Fig. 1.4D), produced by Pe. radicicola and Pe. coprobium, respectively. A 
target validation analysis performed by DNA microarray-based transcriptomics 
showed that patulin targets 45% of the QS genes in P. aeruginosa and PA targets 60%, 
suggesting that these two compounds indeed target the LasR and RhlR QS regulators. 
More circumstantial evidence for their mode of action was obtained by Western blot 
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analysis with antibodies against the LuxR protein; this showed that the compounds 
accelerated turnover of LuxR (Rasmussen et al., 2005b; Koch et al., 2005). This is a 
similar mode of action to that of the brominated furanones from the alga Delisea 
pulchra (Manefield et al., 2002). Since the fungal compounds are non-brominated this 
effect is not caused by the reactive bromine atoms but rather indicates that binding of 
blockers to the receptor induces conformational changes which lead to destabilization 
of the receptor. Whether this is true remains to be further confirmed. 
 
1.3.4.2 Synthetic QSIs 
In theory, QSIs can be designed and synthesized by structural modification of 
AHLs at least in three ways: introduction of substitutions in the acyl side chain, 
introduction of substitutions and alterations in the lactone ring, and extensive 
modifications in both the acyl side chain and the lactone ring. 
AHL derivatives differentiated in the number of carbon atoms in the side chain, 
including both even and uneven numbers of carbon atoms, did not result in QSI 
activity. Many of them proved to be competitive agonists (Schaefer et al., 1996). 
Other groups of agonistic AHL analogues carried an acyclic or cyclic alkyl substituent 
at the end of the side chain. However, by replacing the C3 atom with sulfur in the acyl 
side chain, Persson et al. (2005) created analogues able to block expression in both 
LuxR and LasR controlled QS reporters. Other successful QSI compounds can be 
obtained by placing aryl substituents at the end of the side chain – at least in the 
3OC6HSL/LuxR-controlled system. If the size of the substituent is increased beyond 
that of a phenyl group, the antagonistic effect is lost. As the size difference of the 
cyclic alkyls and the aryl substituents is minimal, it is hypothesized that the aryl 
compounds can interact with aromatic amino acid residues in the LuxR protein, 
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preventing ordinary activation (Reverchon et al., 2002). The QSI effect of the aryl 
AHLs can be further enhanced by replacing the C1 carbonyl group of the side chain 
with a sulphonyl group (Castang et al., 2004). 
Exploring AHL analogue compounds carrying one or more additional atoms, 
including carbon, sulphur and nitrogen, in the lactone ring did not result in QSI 
activity (Schaefer et al., 1996). Similarly, if moieties are substituted on the C4 atom of 
the ring, the compounds do not interact with the LuxR homologues. However, if extra 
moieties are placed on the C3 ring atom, the AHL analogues are able to interact with 
the receptor proteins as agonists (Olsen et al., 2002). 
Going further beyond the cognate AHL structure, molecules maintaining only 
part of the AHL structure have also been generated and tested. A series of compounds 
with the C4 and C12 acyl side chains attached to cyclo alcohol or cyclo ketone with 
five or six carbon atoms resulted in a variety of agonists of the two P. aeruginosa QS 
systems. The most effective was 3OC12-(aminocyclohexanone) (Fig. 1.4G), which 
was able to significantly lower LasR-controlled expression from a lasI::gfp fusion 
when supplied in 100 fold excess over the cognate AHL molecule (Smith et al., 
2003a). Exchanging the hexanone ring with a phenolic ring resulted a potent QSI 
compound (Fig. 1.4H). The molar efficacy of this compound was almost 10 times 
higher than the previous one (Smith et al., 2003b). Interestingly, a compound with a 
cyclohexanol ring but otherwise similar to the two previous antagonists (Fig. 1.4F) 
functions as an agonist of the LasR system. A similar observation was made with 
other compounds and QS systems. A hexane ring carrying a 3OC6 side chain showed 
agonistic properties, whereas antagonism was observed with a compound having the 
3OC6 side chain attached to a phenyl ring (Smith et al., 2003b; Reverchon et al., 
2002). 
 27 
QSIs have also been identified by screening of random chemical libraries. 
After the screening, Rasmussen et al., (2005a) identified several QSI compounds with 
structures unrelated to the signal molecules, including 4-nitro-pyridine-N-oxide (4-
NPO), indole, p-benzoquinone, 2,4,5-tribromoimidazole, indole and 3-nitrobenzene 
sulphone amide, the first being the most effective. 4-NPO treatment was found to 
block the E. coli established hybrid LuxR QS system, and further showed a similar 
effect on P. aeruginosa cells harbouring a lasB::gfp fusion. However, this does not 
necessarily mean that the compound blocks the QS regulon in P. aeruginosa. By the 
use of DNA microarray-based transcriptomics it was recognized that 4-NPO 
significantly lowers expression of 37 % of the QS regulated genes in P. aeruginosa, 
including several virulence factors known to be regulated by LasR and RhlR 
(Rasmussen et al., 2005a). The analysis was based on sample points taken at an 
optical density of 2.0 and only changes in gene expression greater than five fold were 
taken into consideration. These results strongly suggest that the LasR and RhlR 




Fig. 1.4 Structure of AHL and QSIs (modified from Rasmussen and Givskov 
2006) 
A, the fundamental structure of the AHL. B, the furanose compound isolated from 
Delisea pulchra (de Nys et al., 1993). C, the furanone compound C-30 (Hentzer et al., 
2002). D, patulin, a QSI isolated from the fungus Penicillium coprobium (Rasmussen 
et al., 2005b).E, the native QS molecule 3OC12HSL from the Pseudomonas 
aeruginosa (Seed et al., 1995); F, an analogue of 3OC12HSL acting as agonist (Smith 
et al., 2003a); G, AHL analogue acting as a weak antagonist (Smith et al., 2003a); H, 
AHL analogue with strong antagonistic effect (Smith et al., 2003b).  







































 1.4 Research statement 
QS is a result of co-evolution between eukaryote (host) and bacteria. Both 
plant and animal (including human) bacterial pathogens, such as Erwinia carotavora 
and Pseudomonas aeruginosa, rely on AHL signals in the production of virulence 
factors. QS deficient mutants of bacterial pathogens are found defective in virulence 
gene expression and become avirulent (Pirhonen et al., 1993; Passador et al., 1993). It 
raises the possibility to control bacterial infections by quenching QS signaling of 
microbial pathogens. Expression of AHL-lactonase or AHL-acylase, in either plant 
pathogen E. carotavora or human pathogen P. aeruginosa, significantly reduces their 
virulence (Dong et al., 2000; Reimmann et al., 2002; Lin et al., 2003; Molina et al., 
2003). Moreover, transgenic plants expressing AHL-lactonse can effectively quench 
bacterial QS signaling and collapse QS-dependent infections, whereas untransformed 
control plants develop severe disease symptoms (Dong et al., 2001). The results 
demonstrate that enzymatic interference of AHL QS signals is a feasible approach for 
prevention of bacterial infection. 
Although at its early stage of exploration and development, the signal 
interference approach appears to hold much promise. One of the most attractive 
features of the signal interference approach is that, by quenching bacterial QS 
signaling, the host gains precious time to boost defense mechanisms and to get rid of 
pathogenic invaders. For agricultural applications, integration of signal interference 
mechanisms with the inducible plant defense systems appears to be the most practical 
way to exploit the natural self-protection capability of host plants (Zhang, 2003), 
because constitutively turned on host defense mechanisms might bring severe yield 
and biomass penalties (Heil and Baldwin, 2002). In medicine prospect, contrary to the 
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conventional antibiotics, signal interference molecules that do not kill bacteria or 
inhibit cell growth are less likely to impose harsh selective pressure for development 
of resistance (Williams, 2002; Hentzer and Givskov, 2003). As there seems not a 
universal virulence-regulating QS system in the bacterial kingdom (Williams, 2002), 
signal interference drugs could have a significantly narrow spectrum of activity 
comparing to the conventional antibiotics. However, this could prove to be an 
advantage for protection of beneficial natural microbial flora. 
Given that the feasibility of bacterial disease control by QS signal interference 
has been established, subsequently more efforts will be needed for identification and 
development of signal interference molecules for practical use in medicine, 
environment and industries. In contrast to conventional antibiotics, which have been 
screened and characterized extensively for more than a half century, prospective QSI 
molecules isolated from nature or synthetic chemical libraries have just been 
investigated recently. So far, most of the identified QSIs are structural mimics of 
AHL (Fig 1.4). Natural QSIs have only been obtained from either plants or fungi 
(Bjarnsholt et al., 2005; Rasmussen et al., 2005a, b). It remains valuable for us to 
explore and identify novel QSI(s) with a distinct structure(s) and different origin (e.g. 
from bacteria).  
In general, our knowledge about QQ is mainly fragmentary and probably 
represents only a “tip of the iceberg”. Given the fact that QS is now known to be 
widespread among microbes, QQ mechanisms are supposed to emerge accordingly in 
nature as well. At a more basic level, there are several issues worthy to explore further. 
For instance, are there any roles of QS and QQ in complex microbial communities 
(e.g. biofilms)? Do bacteria possess novel mean(s) other than enzymic tools (i.e. 
AHL-lactonase and AHL-acylase) to interfere with QS? It would also be of broad 
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interest to learn whether eukaryotes have any unique defending system against 
bacterial QS. If so, what is the QQ mechanism and is it universal across the eukaryote 
world, or only conserved among certain species?  
 
1.5 Aim and scope of this study 
The broad aims of this study were (1) screening for potential QQ mechanisms, 
(2) purification and characterization of QQ molecule(s), (3) identification of genes 
involved in generation of QQ molecule(s), and (4) characterization of the novel QQ 
mechanism(s).  
This thesis is divided into 6 chapters. Chapter 1 and 6 are the introduction and 
general conclusions, respectively. 
Chapter 2 presents an investigation of microbial diversity of multi-species 
biofilms, and shows that both AHL-producing and AHL-degrading bacterial species 
coexist in biofilms. The coexistance of AHL-producing and AHL-degradation 
bacterial species in biofilms points to the sophisticated dynamics of QS signaling and 
signal interference in the determination of microbial composition in multi-species 
biofilms. The findings might open a window for further in-depth studies on biofilm 
physiology in a mixed culture system. 
Chapter 3 illustrates the isolation and identification of a putative QSI, which 
was tentatively named as “PAi”, produced by Pseudomonas aeruginosa PAO1.  
HPLC and NMR data suggested the PAi molecule is 2-amino-4-methoxy-but-3-enoic 
acid. The AHL-responding lacZ gene expression of the biosensor strain 
Agrobacterium tumefaciens NT1 (traR, tra::lacZ749) has been shown significantly 
repressed by PAi.  
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Chapter 4 describes possible molecular mechanisms of PAi generation in 
PAO1. PAi accumulated during late growth stages of the PAO1 cell culture and its 
production was influenced by medium composition. The gene PA2305, which 
encodes a putative nonribosomal peptide synthetase (NRPS), was proven essential for 
the production of PAi. Transcription of PA2305 was likely under the regulation of QS. 
The QS dual mutants, MW1 (lasI::tetA, rhlI::Tn501) and DMW (∆lasR::Tcr, 
∆rhlR::Gmr), were deficient in PAi production.  
Chapter 5 reveals AHL signal inactivation activities among eukaryotes. It has 
been shown that mammalian sera have conserved enzymatic degradation activities 
against a range of AHL signals. Further analysis indicates that the catalytic 
mechanism of sera lactonase(s) is different from bacterial AHL-lactonase. The QS 
signal interference among eukaryotes may represent an innate defense mechanism 








A bacterial biofilm is a structured community of bacterial cells enclosed in a 
self-produced polymeric matrix and adherent to an inert or living surface. Biofilms 
formed in industrial settings are not only the cause of microbial-influenced corrosion, 
but also lead to clogging of industrial pipes and filters (Costerton et al., 1995; Pratt 
and Kolter, 1999). Different bacterial species, including virulent pathogens, could be 
concentrated and harbored inside biofilms, which thereby become sources of infection 
and contamination of food products (Costerton et al., 1995; Kumar and Anand 1998).  
Studies of bacterial biofilms began in early 1970s, which lead to a basic model 
of biofilm structure. In this model, bacteria form microcolonies surrounded by 
exopolysaccharide. Between the microcolonies are water-filled channels, and it has 
been proposed that these channels serve to promote the influx of nutrients and the 
efflux of waste products produced by the biofilm bacterial community (Pratt and 
Kolter, 1999). Genetic analysis revealed several groups of genes that are involved in 
biofilm formation, including the genes encoding flagella (O’Toole and Kolter 1998), 
the mannose-sensitive type I pilus (Pratt and Kolter, 1999), the type IV mannose-
sensitive hemagglutinin pilus (Watnick et al., 1999), adhesion (Vidal et al., 1998), 
and exopolysaccharide (EPS) (Watnick and Kolter, 1999).  
Extracellular signal molecules have been implicated in biofilm formation. In 
bacteria, a range of biological functions are regulated by a population density-
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dependent cell-cell signaling mechanism, known as quorum sensing (QS). Bacterial 
cells sense their population by monitoring the presence of self-produced extracellular 
signal molecules. At a high population density, the accumulated signals trigger the 
expression of target genes and thereby initiate a new set of biological activities 
(Parsek and Greenberg, 2000; Zhang, 2003). Several QS systems have been 
identified. Among them, acylhomoserine lactone (AHL)-dependent QS system has 
been found to control biofilm formation in several bacterial species, including 
Pseudomonas aeruginosa, Aeromonas hydrophila, Burkholderia cepacia, and 
Serratia liquefaciens (Davies et al., 1998; Kjelleberg and Molin, 2002). AHL signals 
have been detected in biofilm samples formed in medical catheters and in natural 
environments (McClean et al. 1997; Stickler et al. 1998). Mutant cells that are 
defective in AHL-dependent QS systems were unable to form normal biofilms 
(Davies et al., 1998). Whether QS is a specific component of biofilm pathways is still 
debatable and awaits further investigation (Ghigo, 2003; Kjelleberg and Molin, 2002). 
Nevertheless, these findings suggest a possibility to control biofilm formation by 
interference of bacterial extracellular signalling.  
 Water reclamation is an important environmental and health issue in many 
countries. However, a constantly encountered problem in water reclamation systems 
is the formation of biofilm, which reduces the efficiency of the system and might also 
become a source of water contamination. To find a practical solution to control 
bacterial biofilm, it would be necessary to understand the biofilm composition. In this 
chapter, I focus on the biofilm samples from a water reclamation system in a tropical 
environment. It is intriguing to determine: (1) What are the bacterial species that 
constitute the biofilms in this particular setting? (2)  Do they produce AHL QS 
signals? (3) Do they produce QS signal interference molecules? 
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 2.2 Materials and methods 
2.2.1 Zeolite biofilter system and operation conditions 
A zeolite biofilter system was used for treating industrial water before it 
entered into downstream processes. This pre-treatment aimed to reduce nutrients and 
to prevent biofouling in the Reverse Osmosis membrane of the water reclamation 
system. The biofilter was constructed using acrylic cylinder with a height of 1.4 m 
and an inner diameter of 15.6 cm. The bottom of the biofilter column consisted of 
approximately 15 cm of coarse supporting gravel for a better distribution of air to the 
biofilter system. The activated clay (zeolite), with particle size of 0.5 ~ 2.5 mm, was 
then packed in the column. Zeolite has been widely used in local aqua- and 
agriculture-industry as a filtering medium. The biofilter was operated under tropical 
conditions, with an average temperature of 28 °C. The pH value of the feed water was 
within the range of 6 ~ 7. 
The influent flowed downwards along the biofilter and the empty bed contact 
time (EBCT) of the biofilter was maintained at 30 mins. Air was supplied by using a 
compressor connected to the base of the biofilter, and ran counter-current to the feed 
flow.  Dissolved oxygen was maintained at about 5 ~ 6 mg/L.   
  
2.2.2 Sample collection and SEM observation 
Zeolite particles with biofilm attached were randomly collected from the 
biofilter. The samples were rinsed in sterilized ultrapure water to get rid of those 
accidentally attached planktonic bacterial cells and used immediately for scanning 
electron microscopy (SEM) inspection and isolation of bacteria. For SEM analysis, 
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the samples were prepared by the following standard procedures: fixation, 
dehydration, critical point drying, and platinum coating. The treated specimens were 
inspected and micrographs were taken using JEOL JSM-5600 LV scanning electron 
microscope. 
 
2.2.3 Bacterial isolation and identification 
To release bacterial cells from biofilm, samples were placed in a plastic tube 
containing suitable amount of YEB medium (per liter contains: 5 g yeast extract, 10 g 
casein hydrolysate, 5 g NaCl, 5 g sucrose, 0.5 g MgSO4·7H2O, pH 7.0). After shaking 
for one hour at 250 rpm, the mixtures were spread on YEB agar plates, which were 
incubated at 28oC for 2 days. Heterotrophic plate count (HPC) of the samples was 
determined using serial plate dilution technique. Individual colonies of distinct 
morphologies were restreaked several times to obtain pure bacterial isolates.  
The bacterial genomic DNA was purified and an internal fragment of 16S 
rRNA gene about 1.3 kb in size was amplified by PCR with the forward primer 5’-
TGACGAGTGGCGGACGGGTG, and the reverse primer 5’-
CCATGGTGTGACGGGCGGTGTG. The primer pair was designed based on the 
conserved bacterial 16S rDNA sequences. The PCR product was purified using QIA 
quick PCR Purification Kit (Qiagen) following manufacturer’s instruction. The 
purified PCR products were then sequenced using an ABI Prism dRhodamine 
Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied 
Biosystem). By comparing these 16S rRNA gene sequences using BLAST program 
(http://www.cbi.nlm.nih.gov/blast/) with known sequences in Genebank database, 
most of bacterial isolates were identified. 
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2.2.4 AHL bioassay 
AHL bioassay was conducted following the method described previously 
(Dong et al., 2000). Agrobacterium tumefaciens strain NT1 (traR; tra::lacZ749) and 
Chromobacterium violaceum strain CV026 were used as biosensors to detect AHL 
signals. The former strain detects long chain acylhomoserine lactones such as N-(3-
oxododecnoyl)-L-homoserine lactone (3OC12HSL), and the latter short chain 
acylhomoserine lactones such as N-(butyryl)-L-homoserine lactone (C4HSL) (Piper et 
al., 1993; McLean et al., 1997b). MM medium (per liter contains 10.5 g K2HPO4, 4.5 
g KH2PO4, 0.2 g MgSO4⋅7H2O, 5 mg FeSO4, 10 mg CaCl2, 2 mg MnCl2, 2.0 g 
(NH4)2SO4, and 2.0 g Mannitol; pH7.2) was used for bioassay using A. tumefaciens 
NT1 (traR; tra::lacZ749), and LB medium (per liter contains: 10 g tryptone, 5 g yeast 
extract, and 10 g NaCl) for bioassay using C. violaceum strain CV026.  
Plates containing 20 ml of MM agar medium supplemented with 5-bromo-4-
chloro-3-indolyl β-D-galactopyranoside (X-Gal, 40 µg /ml) were used for the 
bioassay using A. tumefaciens NT1 (traR; tra::lacZ749). The solidified agar medium 
in the plates was cut into separated slices (1 cm in width). Gaps were left (0.2 cm in 
width) between each agar slices in order to prevent AHL molecules diffusing across 
to neighbor agar slices. The tested sample was loaded to one end of an agar slice, and 
then the cultures of the A. tumefaciens biosensor were spotted (0.6 µl of 
OD600  0.4) at progressively further distances from the loaded sample. The plates 
were incubated at 30°C for 24 h. The distance from the last induced blue colony to the 
origin of the loaded sample in each agar slice was measured and the relative amounts 
of the AHL(s) were quantified. For bioassay using C. violaceum strain CV026, LB 
agar was used instead of MM agar medium. The induced colonies showed purple 
color due to the pigment production. 
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2.2.5 Bioassay of AHL degradation  
The bioassay to detect AHL-degradation enzyme activity has been described 
(Dong et al., 2002). Bacterial isolates were cultured in 1.5-ml Eppendorf tubes or 96-
well assay plates with LB medium at 30ºC with gentle shaking. After incubation for 
16-40 h, the bacterial culture was mixed with an equal volume of fresh medium 
containing AHL (40 µM) at a final volume of 40 µl. The mixtures were incubated at 
30ºC for 4 h, followed by 60 min sterilization under UV light. Then the sterilized 
reaction mixtures were loaded on bioassay plates and the remaining amount of the 
AHL(s) was quantified as described previous. The AHL-degradation enzyme activity 
was reflected by the reduction of the distance of the color colonies induced by the 
AHL. 
 
2.2.6 Thin-layer Chromatography (TLC) bioassay of AHL signals 
The AHL signals produced by P. aeruginosa strains were further characterized 
by thin-layer chromatography (TLC) method (Shaw et al., 1997). Overnight 
supernatant (10 ml) of the cell culture in MM medium was extracted twice with the 
same volume of ethyl acetate. The combined extracts were vacuum-dried and 
dissolved in 50 µl methanol for TLC analysis.  
The TLC plate used in this experiment was reverse-phase RP18 F254s (E. 
Merck, AG, Darmstadt, Germany). A pencil line was drawn lightly across the plate at 
2 cm from the bottom of the plate. This was the origin on which to spot the samples. 
The name (or number) of the samples to be analyzed were marked lightly just under 
this line. The samples (1 ~ 10 µl) were spotted using a finest pipette on the origin line 
that had been marked. Care was taken to make sure each spot was not larger than 5 
mm in diameter. To achieve this, it might be necessary to apply the 10 µl sample 
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several times (normally 1 ~ 2 µl each time) and allowed the spot to dry before 
applying another time. Extra care was taken not to scratch the adsorbent coating of the 
TLC plate. A developing chamber was filled with 50 ~ 100 ml of the developing 
solvents (50% methanol in water) to a depth of just less than 0.5 cm, and allowed to 
saturate for at least 30 min with a glass cover before putting the TLC plate for 
developing. After spotting the samples, the TLC plate was placed into the prepared 
chamber without touching the side of the chamber. The plate was removed from the 
chamber when the solvent front reached about 2 ~ 5 cm to the top of the plate. A line 
was drawn using a pencil as to indicate the solvent front before the plate was allowed 
to dry in a fume hood.  
To perform the TLC-overlay bioassay, 2 ml of fresh overnight culture of 
biosensor strain was mixed into 100 ml of the bioassay agar medium (pre-warmed at 
42ºC), and then poured onto the developed TLC plate quickly but smoothly. After 
solidifying of the medium, the TLC plate was then placed into a covered square dish 
and incubated at 30ºC for 24 h.   
 
2.2.7 Assays for pyocyanin production, swarming motility, and biofilm formation 
Pyocyanin production was determined following the method of Essar et al. 
(1990) with minor modifications. Bacteria were grown in PB medium (per liter 
contains: Bacto-peptone 20 g, MgCl2 1.4 g, K2SO4 10 g, pH 7.0). Cell-free culture 
supernatant (5 ml) was extracted with an equal volume of chloroform for 2 h. The 
chloroform was decanted and subsequently extracted with one-fifth volume of 0.2 M 
HCl. The pyocyanin was partitioned to the HCl aqueous phase, which was taken for 
quantification at OD520.  
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 Swarming motility was assayed on semisolid agarose (0.35% w/v) containing 
1% (w/v) and 0.5% (w/v) tryptone and NaCl respectively (Rashid and Kornberg, 
2000). 
 Quantification of biofilm formation was performed using 96-well microtiter 
plates. Fresh starter culture was inoculated in 1:200 ratio to LB medium in a final 
volume of 100 µM. The plates were incubated with shaking (200 rpm) at 30oC. The 
population density was determined by measuring OD600, unattached biomass was 
removed and the remaining biofilms were stained with 0.1% crystal violet. After 
staining for 5 min, the plates were rinsed with water thoroughly, dried by paper towel. 
The stained bioflims in each well were dissolved in 200 µl ethanol. The readings of 
OD562 were recorded to represent the quantities of biofilm formation. 
 
2.2.8 Nematode killing assay 
The C. elegans killing assay of P. aeruginosa was conducted basically using 
the method described previously (Tan et al., 1999). In brief, 200 μl of P. aeruginosa 
overnight LB culture was evenly spread onto 3.5-cm-diameter LB agar plate. After 
incubation for 24 hr at 37°C, 100-150 L4-staged adult C. elegans N2 nematodes 
contained in 100 μl M9 buffer (Miller, 1972) was spotted onto the P. aeruginosa 
lawn. The plate was then incubated at room temperature, and the number of total 
nematodes and dead nematodes in the plate were scored under a microscope at certain 
time points from 10 h till 80 h. A nematode is considered dead when it no longer 
responds to touch. As negative control, the natural mortality of C. elegans was 
determined on bacterial lawns of E. coli OP50, which served as food for culturing C. 
elegans. Experiments were repeated three times.  
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 2.3 Results 
2.3.1 The biofilm from a water reclamation system comprises multi bacterial species  
Zeolite particles, which are activated clay with porous structures, were used 
widely in water reclamation. However, biofilm formation on the surface of zeolite 
particles becomes a serious concern. For characterization of bacterial species of the 
biofilm samples, the bacterial cells, which were embedded in a vast mass of 
extracellular polymer substance matrix (Hu et al., 2003), were washed off from 
zeolite particles collected from a water reclamation system by constant shaking. The 
mixture was diluted and spread onto plates containing YEB agar medium, which 
supports the growth of many Gram-negative and Gram-positive bacterial species. A 
total of 38 morphologically-distinct bacterial colonies were collected for 
characterization. An internal fragment of 16S rRNA gene about 1.3 kb in size was 
amplified and sequenced from each bacterial isolates. 16S rRNA gene sequencing 
analysis indicated the presence of at least 11 bacterial species (as shown in Table 2.1.), 
including the frequently encountered bacterial pathogens Pseudomonas aeruginosa 
and Klebsiella pneumoniae, and several rare pathogens. In particular, several isolates 
represented by HL43 showed 100% homology of 16S rRNA gene to known P. 
aeruginosa strains, including PAO1 (GenBank Accession No. AE004501), BHP7-6 
(AY162139), MO2 (AY162138), AL98 (AJ249451), and ATCC15442 (AF094718).  
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 Table 2.1 The microbial diversity of biofilm on Zeolite particles 








   
HL01 Enterobacter agglomerans 99 + - 
HL08 Pseudomonas putida 98 - - 
HL20 Klebsiella pneumoniae 99 ND* ND 
HL39 Chryseobacterium indologenes 99 - - 
HL43 Pseudomonas aeroginosa  100 + - 
HL52 Comamonas testosteroni  98 - - 
HL56 Citrobacter freundii 98 - - 
HL62 Delftia sp. 97 - - 
XJ01 Agrobacterium tumefaciens 99 - + 
XJ08 Bacilus cereus 97 - + 
XJ12 Ralstonia sp. 98 - + 
 
* ND, not determined 
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2.3.2 AHL signal production and AHL-degrading activities among bacterial isolates 
The purified bacterial isolates were assayed separately using the two biosensor 
strains: Agrobacterium tumefaciens strain NT1 (traR, tra::lacZ749) and 
Chromobacterium violaceum strain CV026. Among these eleven bacterial species, 
only P. aeruginosa and E. agglomerans showed positive reactions. While the P. 
aeruginosa isolate activated the both sensors, E. agglomerans activated the short 
chain AHL biosensor only on plate assay. In contrast to P. aeruginosa HL43, which 
showed short chain AHL activity within one day, E. agglomerans HL01 showed 
detectable AHL-like activity only after growth for 48 hours. Isolates XJ01, XJ08, and 
XJ12, belonging to A. tumefaciens, B. cereus, and Ralstonia. sp., respectively, 
produced AHL degradation enzymes (Table 2.1). 
 
2.3.3 Characterization of P. aeruginosa HL43 
P. aeruginosa HL43 isolated from the biofilm samples was selected for further 
characterization because P. aeruginosa is a notorious pathogen and it appeared to be a 
dominant bacterial species in the biofilm samples, according to colony morphology 
and 16S rRNA gene sequencing analysis. In spite of a high degree of conservation in 
16S rRNA gene sequences, the biofilm isolate HL43 differs significantly from the 
well-characterized P. aeruginosa strains PA01 and PA14 in swarming motility (Fig. 
2.1), pyocyanin production (Fig. 2.2B), and biofilm formation (Fig. 2.3A). Notably, 
HL43 released up to 6 folds more pyocyanin toxins than strains PA01 and PA14. By 
using C. elegans nematodes as an animal model, it was showed that the biofilm isolate 
HL43 is a virulent pathogen. Similar to strain PA01, HL43 killed almost all the 





Fig. 2.1 Swarming plate assay  
Bacterial cells were grown overnight, 1 µl of culture (OD600 was adjusted to 1.0) 
from each strain was spotted on the plate. The photograph, which was taken 20 h after 








Fig. 2.2 Bacterial growth and pyocyanin accumulation  
A. Bacterial growth curves in PB medium. Symbol: ○, HL43; ∆, PA01; □, PA14.  
B. Pyocyanin accumulation in bacterial supernatants.  The data represented the means 
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Fig. 2.3 Biofilm production (A) and bacterial virulence on C. elegans (B)   




















































 When characterized the AHL signal molecules produced by P. aeruginosa 
HL43 using the TLC (thin layer chromatography) display method (Shaw et al., 1997), 
it showed that similar to the well-characterized strains PAO1, HL43 produced N-(3-
oxododecanoyl)-L-homoserine lactone (3OC12HSL), N-(3-oxodecanoyl)-L-
homoserine lactone (3OC10HSL), and N-(3-oxooctanoyl)-L-homoserine lactone 
(3OC8HSL). The biosensor strain A. tumefaciens NT1 (traR; tra::lacZ749) was more 
sensitive to 3OC8HSL and 3OC10HSL and could detect as little as 0.5 fmol of 
3OC8HSL and 0.19 pmol of 3OC10HSL, but less sensitive to 3OC12HSL with the 
detection threshold being about 2 pmol (Shaw et al., 1997). The TLC analysis showed 
that P. aeruginosa strains produced significantly more 3OC12HSL than the other two 
AHL signals.  Under the same growth conditions, the biofilm isolate HL43 appeared 
to produced more AHL signals than strain PA01 (Fig. 2.4). 
It was surprising that a blue-white phenomenon appeared on the AHL 
bioassay plate when the biofilm isolate HL43 and the other P. aeruginosa model 
strains were pre-inoculated for 2 days prior to loading of the biosensor A. tumefaciens 
(Fig. 2.5). It showed that at the late growth stage, P. aeruginosa can produce some 
chemical(s) which may hinder the QS response of the biosensor A. tumefaciens. This 
observation led to a discovery of a novel interference molecule against AHL QS 




    1   2      3       4         5 
 
Fig. 2.4 TLC analysis of AHLs  
Samples were separated on a C18 reverse-phase thin-layer plate, developed with 
methanol/water (50:50, v/v), and the spots were visualized with the A. tumefaciens 
biosensor. Sample: 1, 3OC8HSL (0.1 µM); 2, 3OC10HSL (1 µM), 3, 3OC12HSL (50 
µM); 4, extract from P. aeruginosa isolate HL43; 5, extract from P. aeruginosa PA01. 
An aliquot (1 µl) of each sample was loaded for chromatography.   
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Fig. 2.5 AHL bioassay of P. aeruginosa strains 
A loop of fresh bacterial cell culture of P. aeruginosa PA01 (1), PA14 (2) and HL43 
(3) were inoculated on top of the agar slices. After incubation at 30°C for 48 h, the 
agar slices was spotted with A. tumefaciens biosensor and incubated at 30°C. The 
photo was taken after 24h incubation.  
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 2.4 Discussion 
Bacterial biofilms are common in both natural and engineered systems, where 
they can be a source of contamination and microbial influenced corrosion. It has been 
known that formation of biofilm in the monoculture of several bacterial species is 
regulated by N-acyl homoserine lactone (AHL) quorum-sensing signals (Davies et al., 
1998; Kjelleberg and Molin, 2002). In this study, the microbial diversity and 
existence of AHL-producing and AHL-degrading bacterial species in the biofilm 
samples from a water reclamation system have been investigated.  
Microorganisms easily form biofilms on zeolite particles, which are 
commonly used in water reclamation systems as pretreatment filters. After operation 
for three months, multispecies biofilms had developed on the surface of Zeolite 
particles. By using a heterotrophic plate counting method, we found that on average 
there were about 1.16 × 108 bacterial colony-forming unit (CFU) per gram of Zeolite 
particles.  Sequence analysis showed that there were at least 11 bacterial species in the 
biofilm samples (Table 2.1). Among them, Bacillus cereus is Gram-positive, and the 
other ten are Gram-negative bacterial species. The Gram-negative bacteria are 
predominantly from the Proteobacteria subfamily, with the exception of 
Chryseobacterium indologenes that belongs to the Flavobacteria subfamily 
(http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi). 
Among the bacterial species identified in the biofilm samples of the water 
reclamation system, Pseudomonas aeruginosa and Klebsiella pneumoniae are 
frequently encountered bacterial pathogens. Infections due to C. indologenes (Hsueh 
et al., 1997), C. Freundii (Chen et al., 2002), E. agglomerans (Garcia-Pardo et al., 
1999), and C. testosteroni (Le Moal et al., 2001) have also been documented. Some 
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bacterial pathogens are known to produce and release cytotoxins, such as phenolic 
exotoxin pyocyanin produced by P. aeruginosa (Bianchi et al., 2003), and 
oligopeptide heat-stable toxins by K. pneumoniae (Albano et al., 2000). As many 
bacteria can survive and build up their population in biofilms, the information of the 
bacterial composition and survival in biofilm samples would be essential for 
formulating protocols and strategies to detect toxins and pathogens, and to prevent or 
reduce building up of pathogenic communities in water reclamation systems.  
I paid a particular attention to the P. aeruginosa HL43 isolated from the 
biofilm samples because of its notorious genetic variations and surviving ability. P. 
aeruginosa strains are known for their significant genetic variations that affect 
serotypes, ribotypes, and flagellin gene polymorphisms (Hernandez et al., 1997; 
Renders et al., 2001; Ruimy et al., 2001; Spangerberg et al., 1996; Winstanely et al 
1996). It has not yet clear whether the natural genetic variation affects virulence and 
biofilm formation. We showed here that in spite of a high degree of conservation in 
16S rRNA gene sequences, the biofilm isolate HL43 differs significantly from the 
well-characterised P. aeruginosa strains PA01 and PA14 in swarming motility (Fig. 
2.1), pyocyanin production (Fig. 2.2B), and biofilm formation (Fig. 2.3A). Notably, 
HL43 released up to 6 fold more pyocyanin toxins than strains PA01 and PA14. By 
using C. elegans nematodes as animal model, we showed that the biofilm isolate 
HL43 is a virulent pathogen. Similar to strain PA01, HL43 killed almost all the 
worms tested within 3 days when grown on LB medium (Fig. 2.3B). 
P. aeruginosa is also known as a remarkable survivor. It survived in distilled 
water up to 5 months in temperatures ranging from 10 oC to 37 oC, while the other 
tested pathogen, Staphylococcus aureus lost its vitality one week after inoculation in 
distilled water (Boyle et al., 1991). Therefore, to maintain the safety of reclaimed 
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water, it would be important to stop P. aeruginosa from escaping into the down-
stream processes of water reclamation systems. 
AHL QS signals have been implicated in genetic control of biofilm formation 
in several Gram-negative bacterial species. Among the eleven identified bacterial 
species, only E. agglomerans HL01 and P. aeruginosa produced detectable AHL-like 
signals (Table 2.1, Fig. 2.4). Interestingly, we also identified three bacterial species, 
i.e., B. cereus XJ08, A. tumefaciens XJ01, and Ralstonia sp., which produce AHL-
degradation enzymes (Table 2.1). B. cereus and A. tumefaciens are known to produce 
an AHL-lactonase that hydrolyzes the homoserine lactone component of AHL signals 
(Dong et al., 2000, 2001 and 2002; Zhang et al., 2002). Ralstonia sp. was shown more 
recently to produce a membrane-bound AHL-acylase, which degrades AHL to release 
homoserine lactone and corresponding fatty acid (Lin et al., 2003).  Though the fact 
that AHL-producing and AHL-degradation bacterial species coexisted in biofilms 
seems to preclude a dominant role of AHL signals in the formation of multispecies 
biofilms, whether AHL signaling and AHL degradation enzymes play a role in 
determination of microbial composition and dynamics of multispecies biofilms 
remains intriguing. These findings might open a window for further in-depth study on 
biofilm physiology in a mixed culture system. 
 53 
CHAPTER 3 




Bacteria are known to regulate diverse biological functions through a cell-cell 
communication mechanism called quorum sensing (QS) (Fuqua et al., 1994). Through 
QS, bacteria communicate with each other and regulate gene expression to optimize 
their physiology in reponse to environmental changes. The ability of cell-cell 
communication and collective behavior is believed to provide significant benefits to 
bacteria in defense against competitors, adaptation to varying environmental 
conditions, and in species evolution (Shapiro, 1998; Zhang and Dong, 2004).  
Most Gram-negative bacteria are known to produce N-acyl homoserine 
lactones (AHLs) QS signals (Fuqua et al., 2001), whereas the Gram-positive bacteria 
generally produce oligopeptides signals (Dunny and Leonard 1997). AHLs were 
initially identified in the luminescent marine bacterium Vibrio fischeri (Eberhard et al., 
1981). Up to date, more than 70 bacterial species have been reported to produce 
AHLs (Dong et al., 2007; Williams et al., 2007). These bacteria use AHL QS 
mechanisms to regulate a broad range of biological functions, including 
bioluminescence (Eberhard et al., 1981), Ti plasmid conjugal transfer (Zhang et al., 
1993; Piper et al., 1993), virulence factors biosynthesis (Jones et al., 1993; Passador 
et al., 1993; Pirhonen et al., 1993; Swift et al., 1999), antibiotics production (Baiton 
et al., 1992; Pierson et al., 1994), swarming mobility (Eberl et al., 1996), and biofim 
formation (Allison et al., 1998; Davies et al., 1998).  
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The biological functions regulated by AHLs are of significant importance in 
fundamental research, as well as in practical applications in medicine, environmental 
protection and industries. Given the severe nature of bacterial infections, the AHL 
based QS circuitry has drawn a great attention as an important target for drug 
discovery by developing anti-QS molecules (Dong et al., 2000 and 2001; Smith and 
Iglewski, 2003).  
It has been showed that certain bacteria have the ability to interfere with QS. 
AiiA, an AHL-lactonase encoded by the aiiA gene from the Gram-positive bacterium 
Bacillus sp., can hydrolyze the lactone ring of AHL signals (Dong et al., 2000). 
Gram-negative bacteria also produce AHL-lactonase. The attM gene of 
Agrobacterium tumefaciens encodes an AiiA homolog that controls AHL signal 
turnover in a growth-phase-dependent manner (Zhang et al., 2002). AHL-acylases, 
which can hydrolyse the amide linkage between the acyl chain and the homoserine 
moiety of AHL molecules, have also been found in recent years (Leadbetter & 
Greenberg 2000; Lin et al., 2003; Huang et al., 2003 and 2006). These QS 
interference activities of bacterial origin are all enzymatic. Natural non-enzymatic QS 
inhibitor (QSI) molecules have been reported from plants and fungi (Rasmussen et al., 
2005a and b), but not from bacteria. In this study, I showed that Pseudomonas 
aeruginosa produces a diffusible inhibitor that interferes with the AHL QS signaling 




3.2  Materials and methods 
3.2.1 Chemicals 
AHLs were synthesized as previously described (Zhang et al., 1993). 
Methanol, ethanol and ethyl acetate were purchased from Merck. Other reagents were 
purchased from Sigma-Aldrich unless otherwise stated. 
 
3.2.2 AHL activity bioassay  
AHL bioassay was performed as described in chapter 2. 
 
3.2.3 QSI activity bioassay 
QSI activity bioassay was performed by using a plate containing 20 ml of MM 
agarose (0.8% w/v) medium supplemented with 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-gal, 40 mg/L), 3OC8HSL (1 nM) and appropriate amount (1% 
v/v, OD600  0.15) of biosensor strain A. tumefaciens NT1 (traR, tra::lacZ749). The 
plate turned blue after incubation for 24h at 30ºC due to 3OC8HSL-dependent 
expression of the lacZ enzyme. For assay of QSI activity, the candidate samples were 
spotted on the plate. The QSI activity was indicated by the non-blue colored bacterial 
growth zone around the spotted sample on the blue background. 
 
3.2.4 Extraction and purification of the putative QSI  
Pseudomonas aeruginosa PAO1 was spread on MM medium agar plates and 
allowed to grow at 30ºC for 5 days. After removing the bacterial cells from the 
surface, the spent agar was chopped into small pieces and extracted twice with 2 
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volume of methanol. The crude extracts were concentrated by rotary evaporation and 
subsequently applied to the silica flash column (25 x 150 mm, Biotage FLASH 25+M 
cartridge) and eluted with methanol with addition of acetate acid (0.1%). The 
fractions containing the putative QSI were monitored by the QSI activity bioassay as 
described above. To get the pure compound, two more rounds of flash 
chromatography were performed with 50:50 (v/v) of methanol/ethanol and 10:90 (v/v) 
of methanol/ethanol, respectively.   
 
3.2.5 TLC-overlay bioassay of the putative QSI 
The TLC assay was performed as described in chapter 2, except that the TLC 
plate was Silica Gel 60 F254 (E. Merck, AG, Darmstadt, Germany) and the 
developing solvent was pure methanol. To perform the TLC-overlay bioassay of QSI, 
X-gal (40 mg/L), 3OC8HSL (1 nM) and A. tumefaciens biosensor (1% v/v, 
OD600  0.15) were supplemented to the MM agar medium to generate the blue 
background after incubation for 24h at 30ºC. 
 
3.2.6 HPLC analysis 
The HPLC analysis was performed using a silica HPLC column (Luna 3µ 
Silica 100A, Phenomenex, 150 x 4.6 mm). The mobile phase is methanol/ethanol 
(20:80, v/v) with addition of acetate acid (0.1%, v/v) at a flow rate of 0.5 ml /min. 
 
3.2.7 NMR analysis 
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker 
(Billerica, Mass.) AMX 500 NMR spectrometer (500 MHz for 1H and 125 MHz for 
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13C). The 1H NMR spectrum was measured in deuterium oxide. Chemical shifts were 
given in δ values (parts per million). The 13C NMR spectrum was recorded in 
deuterium oxide using the broad-band proton decoupling. The distortionless 
enhancement by polarization transfer (DEPT) spectrum was measured in deuterium 
oxide with a pulse width, θ, of 90° and 135°. Chemical shifts of the 13C NMR and 
DEPT spectra were given in δ values (ppm) in deuterium oxide. The 1H-1H 
correlation spectroscopy (COSY) spectrum was recorded in a phase-sensitive, double-
quantum mode using the standard pulse sequence in deuterium oxide. 1H-13C 
correlated heteronuclear multiple bond coherence (HMBC) and heteronuclear 
multiple quantum coherence (HMQC) spectroscopies were performed on a Bruker 
AMX 500 NMR spectrometer.  
 
3.2.8 Mass spectrometry (MS) analysis 
Electrospray ionization mass spectrometry (ESI-MS) and tandem mass 
spectrometry (MS/MS) were performed on a Finnigan LCQ DECA ion-trap mass 
spectrometry. High-resolution ESI-MS was performed with a Finnigan/MAT MAT 
95XL-T mass spectrometry. The sample dissolved in methanol was introduced into 
the mass spectrometer by loop injection.  
 
3.2.9 Ninhydrin test 
Samples (1 µl each) were dotted on a silica plate, and then the plate was 
sprayed with ninhydrin solution (2% (w/v) in ethanol) following by heating on a heat 
blot (~ 120ºC) for about 2 ~ 5 min till color reaction was visible.    
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3.2.10 Quantitative β-galactosidase assay 
β-galactosidase activity was measured as described (Sambrook et al., 1989) by 
using biosensor strain A. tumefaciens NT1(traR, tra::lacZ749).  The biosensor strain 
was grown in fresh MM medium with shaking at 30°C. When the cell culture reached 
an OD600 ~ 0.8, 3OC8HSL and the putative QSI (PAi) were then added as indicated. 
At different time points, an aliquot of 1.5 ml cell culture was taken out and the OD600 
was measured. Subsequently, the cells were pelleted and re-suspended in Z buffer (per 
liter contains: 16.1 g Na2HPO4.7H2O, 5.5 g NaH2PO4.H2O, 0.75 g KCl, 0.246 g 
MgSO4.7H2O, 2.7 ml β–mercaptoethanol) for the enzyme activity assay.  Results 
were given as Miller units (MU) of β-galactosidase activity per OD600. 
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 3.3  Results 
3.3.1 P. aeruginosa produced a QS inhibitory compound 
P. aeruginosa produces at least two major AHLs, i.e., N-(3-oxododecanoyl)-
L-homoserine lactone (3OC12HSL) and N-butanoyl-L-homoserine lactone (C4HSL) 
(Pearson et al., 1994 and 1995), which can be detected by biosensor strains A. 
tumefaciens NT1 (traR, tra::lacZ749) and C. violaceum CV026, respectively.  
In the bioassay system using A. tumefaciens NT1 (traR, tra::lacZ749), long 
chain AHL signals can be detected because they can induce the expression of tra-lacZ 
fusion gene, which encodes β-galactosidase producing blue color in the presence of 
X-gal. In the previous study, I showed that P. aeruginosa isolates, PAO1, PA14 and 
HL43, seemed to produce a diffusible compound(s) that interfered with the blue color 
formation by the biosensor strain NT1. To further investigate this possibility, I spotted 
P. aeruginosa strain PAO1 at one end of the bioassay plate at various time points 
prior to spotting the biosensor strain NT1. As shown in Figure 3.1, no inhibitory 
activity could be found when PAO1 was grown on the bioassay plate half a day prior 
to spotting the biosensor strain NT1, and the AHL activity produced by PAO1 was 
visible shown by four blue colonies. Surprisingly, the blue color of the biosensor 
colonies disappeared in the area close to PAO1 when the pathogen was grown on the 
bioassay plate one day or longer prior to spotting the biosensor strain NT1. The longer 
PAO1 was grown on the plate, the longer distance the inhibitory compound(s) was 
diffused (Fig. 3.1). This phenomenom suggests that PAO1 might initially produce 
AHLs, then subsequently produce a chemical compound, which can hinder the 
sensing of the AHL signal by A. tumefaciens NT1 (traR, tra::lacZ749). 
 60 
                                             
 
Time (day) 




Fig. 3.1 AHL inhibitory activity of PAO1 
Overnight cultures of PAO1 in MM medium (5 µl) were inoculated on one end of a 
agar slice in bioassay plate on 5-, 4-, 3-, 2-, 1-, and 0.5-day before spotting the 
biosensor stain Agrobacterium tumefaciens strain NT1 (traR, tra::lacZ749). The 
bioassay plate was incubated at 30°C for 24h before taking the photo.  Arrow 
indicates that a piece of agar was removed to separate the adjacent agar slices.  
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3.3.2 Characterization and purification of the putative quorum sensing inhibitor 
(QSI) 
Only one inhibitory zone appeared on the TLC bioassay plate (Fig. 3.2) when 
assayed using crude extracts (before purification by flash chromatography). The QSI 
component showed a slow migration with a retardation factor (Rf) value at about 0.26 
(Fig. 3.2).  
The putative QSI produced by PAO1 was hydrophilic and could only be 
dissolved in high polarity solvents, such as water and methanol (Fig. 3.3A). No QSI 
activity was detected from the ethyl acetate extraction fraction (Fig. 3.3A). Other 
organic solvents such as chloroform and hexane have also been tested with a similar 
negative outcome (data not shown). The putative QSI was quite stable. No detectable 
loss of the QSI activity was observed after treatment by heat (Fig. 3.3A) or extreme 
pH ranging from 1 to 13 (Fig. 3.3B). Digestion treatment by proteinase did not 
abolish its QSI activity either (data not shown). Therefore the putative QSI is unlikely 
a protein or peptide.  
To obtain sufficient amount of the QSI compound for studying, 200 liters of 
cell-free spent solid MM medium (from 5-day culture of PAO1 on MM agar plates) 
was soaked by methanol and the methanol fraction was subsequently purified by flash 
column chromatography. About 18 mg of light-yellowish powder was finally obtained 
from combined active fractions after evaporation of the solvent. The purity of the 
powder is estimated to be approximately 90%, based on the HPLC and NMR analysis. 
HPLC data showed that the pure QSI active compound, tentatively named as 
‘PAi’, had a retention time at about 11 min (Fig. 3.4A) and it showed a maximum UV 
absorbance at 220 nm (Fig. 3.4B).  
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Fig.3.2  TLC-overlay bioassay of the QSI compound 
Two microliters of the concentrated crude extraction was applied on a silica TLC 







pH: 1 7  13 
Fig. 3.3  QSI activities in different fractions and after different treatments  
A. The bacterial spent agar plates were extracted with (1) methanol; (2) ethyl acetate; 
(3) water; and (4) water extracts boiled (100°C) for 10 min. Two microliters (equal to 
~ 0.5 ml spent agar) of each extract was used for bioassay. 
B. The water extracts were treated by acid (0.1 M HCl) or alkaline (0.1 M NaOH) at 
37°C for 2 h, respectively, before being spotted for bioassay.  The control solution 
(0.1 M HCl or NaOH) did not show any detectable inhibitory effect (data not shown).  
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Fig. 3.4  HPLC analysis of PAi 
A. HPLC analysis of the purified PAi. 
B. UV spectrum of the peak at 11 min. 
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 3.3.3 Structural elucidation of PAi  
The core structure of PAi was established by determination and interpretation 
of NMR spectra, including 1H, 13C, DEPT, 1H-1H COSY, HMBC, HMQC. The 1H 
and 13C NMR data and DEPT analysis suggest that PAi contains one carboxyl (-
COOH) group, one methoxy (-OCH3) group and three methane (-CH) carbons. A 
quaternary carbon peak at 174.1 ppm should be assigned to a carboxyl (C-1). COSY 
and HMBC analysis established the order of the remaining four carbons in a chain 
(Table 3.1). The detailed NMR data are shown in Figures 3.5 - 3.8. 
 
Table 3.1 1H (500 MHz) and 13C (125 MHz) NMR spectral data of PAi in D2O 
position 13C δ 1H δ* (J in Hz) HMBC COSY 
1 174.1    
2 54.1 4.11 d (10.0) C-3, C-4,C-1 H-2, H-3 
3 96.5 4.83 dd (12.5 and 10.0) 4-OCH3, C-4, C-1 H-2, H-3, H-4 
4 154.1 6.71 d (12.5) C-2, 4-OCH3, C-3, C-4 H-3, H-4 
4-OCH3 56.3 3.54 s 4-OCH3, C-3, C-4 4-OCH3 
*: d, doublet; dd, doublet of doublets; s, single. 
 
I conducted a ninhydrin test in order to determine if PAi contains any amine 
group. Ninhydrin is a widely used reagent for detection of amines, especially amino 
acids. Normally it produces purple color when reacts with primary amine (such as 
most of the amino acids). Conversely, it does not react with tertiary amine at all, and 
reacts with secondary amine (e.g. proline) resulting in yellow color. Unsaturated 
amino acids also produce a yellow color with ninhydrin (Doyle and Levenberg, 1968). 
Unlike most of the ordinary amino acids, PAi gave a yellow reaction product with 
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ninhydrin (Fig. 3.9). This result suggested a secondary amine or unsaturation 
presented in the PAi molecule.  
I also performed mass spectrometry (MS) analysis of the PAi. Electrospray 
ionization mass spectrometry (ESI-MS) displayed two major molecular ion peaks at 
m/z 130 and m/z 283 (Fig. 3.10A). Tandem mass spectrometry (MS/MS) revealed that 
the m/z 283 is actually the parent peak of the m/z 130 (Fig. 3.10B).  High resolution 
ESI-MS showed the accurate value of the m/z 283 is 238.0911 (Fig. 3.11), suggesting 
a molecular formula of C10H16O6N2Na1 (238.0901). Based on MS and NMR data, I 
propose that PAi is 2-amino-4-methoxy-but-3-enoic acid (Fig. 3.12).  
After literature search, we found that L-2-amino-4-methoxy-trans-but-3-enoic 
acid (L-trans-AMB) had been previously isolated from a fermentation broth of P. 
aeruginosa ATCC-7700 (Scannell et al., 1972). The 1H spectrum showed similarity to 
our data derived from purified PAi sample (Table 3.2). 
 
Table 3.2 Comparasion of 1H NMR data of L-trans-AMB and PAi  
position 
L-trans-AMB
1H δ* (J in Hz) 
PAi
1H δ* (J in Hz)  
Difference 
(δ- δ) 
1     
2 4.70 d (10) 4.11 d (10.0)  0.59 
3 5.38 dd (13 and 10) 4.83 dd (12.5 and 10.0)  0.55 
4 7.25 d (13) 6.71 d (12.5)  0.54 
4-OCH3 4.24 s 3.54 s  0.70 
*: d, doublet; dd, doublet of doublets; s, single. 
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NAME         yh0720imcb
EXPNO                 2
PROCNO                1
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Time              17.15
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DS                    0
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LB                 2.00 Hz
GB                    0
PC                 1.40
IMCB 13C AMX500 20 July 2007
PaiHPL in D2O
Fig 3.5  13C spectrum of PAi 
 
 
Fig 3.6  1H spectrum of PAi
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F1 - Processing parameters
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LB                 0.00 Hz
GB                    0
HMBC IMCB AMX500 20 July 2007
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Fig 3.7  HMBC profile of PAi 
 
Fig 3.8  HMQC profile of PAi 
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Fig 3.9  Ninhydrin test of PAi and reference amino acids 
Samples: 1, PAi (HPLC purified); 2, L-alanine; 3, L-proline. 
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Fig. 3.10  MS analysis of PAi 
A. ESI-MS analysis of the PAi. 
B. MS/MS analysis on the m/z 283 peak. 















































Fig 3.12 The proposed structure of PAi  
W:\22Feb08_ESIHR\0222imcb-ypai63-c2-AV 22/02/2008 05:07:51 PM YPAI63
0222imcb-ypai63-c2-AV #1 RT: 34.69 AV: 1 NL: 6.41E5
T: - c Full ms [ 261.11-362.97]
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(M-H m/z = 130) 
2-Amino-4-methoxy-but-3-enoic acid 
Fig 3.11  High resolution ESI-MS analysis of PAi 
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 3.3.4 The dosage effect of PAi on  expression of the QS-dependent gene  
To determine the potency of PAi on inhibition of QS, I tested the dosage effect 
of PAi on expression of the tra gene in A. tumefaciens biosensor NT1. In solid MM 
medium containing 1 nM of AHL signal 3OC8HSL, PAi was added at various final 
concentrations before spotting the biosensor strain NT1. The result showed that 
addition of 3 µM of PAi (assuming that PAi is L-trans-AMB) significantly inhibited 
the expression of the tra gene, and further increasing the PAi concentration to 30 µM 
completely abolished the tra gene-directed production of β-galactosidase activity (Fig. 
3.13A). 
I also tested the competition effect of AHL signal. In this experiment, PAi was 
added to the bioassay medium in a final concentration of 30 µM, and various amount 
of 3OC8HSL were also added before spotting the biosensor strain. The bioassay 
results showed that weak tra gene expression was detectable along with the increment 
of 3OC8HSL. But even at a final concentration of 10 µM, 3OC8HSL could not fully 
reverse the inhibitory effect of PAi (Fig. 3.13B). 
I further conducted a quantitative analysis on the effect of PAi on bacterial 
growth and QS. The results showed that supplementation of 30 µM PAi at the 
beginning of bacterial culture (OD600 = 0.1) partially inhibited the growth of A. 
tumefaciens biosensor NT1 (Fig. 3.14A), whereas addition of same amount of the 
inhibitor to the bacterial culture at OD600 = 0.8 did not cause any side effect on 
bacterial growth (Fig. 3.15A). In both treatments, the AHL-induced gene expression 
in A. tumefaciens NT1 was significantly inhibited (Fig. 3.14B; Fig. 3.15B). 
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 0 1 nM 10 nM 100 nM 10 µM 1 µM 
0.03 0 0.3 3 30  300  
PAi concentration (µM) 
B 
3OC8HSL concentration  
Fig. 3.13 Dosage effect of PAi  
A. The MM agar medium was supplemented with X-gal (40 mg/L) and 3OC8HSL (1 
nM). PAi was added as indicated at various final concentrations. 
B. The MM agar medium was supplemented with X-gal (40 mg/L) and various 
amount of 3OC8HSL as indicated. The PAi was added to a final concentration of 30 
µM to each well of the bottom row.  
Five microliters of A. tumefaciens biosensor NT1 was spotted on each well. The 



















Fig 3.14 Effect of PAi (early supplement) on bacterial growth and β–
galactosidase production of A. tumefaciens biosensor.  
The biosensor strain was grown in fresh MM medium with shaking at 30°C. 
3OC8HSL (10 nM) and indicated amount of the PAi were added at the beginning of 
the inoculation (OD600~0.1). β-galactosidase activities were defined as Miller units 
(MU) per OD600. 










































Fig 3.15 Effect of PAi (late supplement) on bacterial growth and β–
galactosidase production of A. tumefaciens biosensor.  
The biosensor strain was grown in fresh MM medium with shaking at 30°C. 
3OC8HSL (10 nM) and indicated amount of the PAi were added when OD600 of the 
cell culture reached about 0.8. β-galactosidase activities were defined as Miller units 
(MU) per OD600. 

























P. aeruginosa is a gram-negative bacterial pathogen that causes both acute and 
chronic disease in susceptible patient populations. P. aeruginosa secretes numerous 
proteins and secondary metabolites, many of which have biological effects that likely 
contribute to disease pathogenesis. In this study, while analysis of AHL signal 
produced by P. aeruginosa isolates using the QS biosensor strain A. bacterium NT1, I 
found a diffusible compound produced by P. aeruginosa showing strong inhibitory 
activity against the QS-dependent lacZ reporter gene expression. The inhibitory 
activity could be partially overcome by supplementation of AHL (Fig. 3.13 B), which 
suggested that this QSI compound could interfere with QS regulation in a dosage-
dependent competitive manner. 
The putative QSI compound, tentatively named as “PAi”, was isolated and 
purified. Unlike AHL-type signals, the PAi was highly polar and cannot be dissolved 
or extracted by organic solvents such as ethyl acetate, chloroform and hexane. The 
PAi was fairly stable, resistant to high temperature (100ºC, 10 min) and acid- or 
alkaline-treatment (Fig. 3.3). In addition, protease treatment could not abolish the QSI 
activity of the PAi (data not shown). These results exclude the possibility that the PAi 
is a protein or peptide.  
NMR and MS analysis were performed to characterize the purified PAi. Base 
on these data, I proposed that PAi is 2-amino-4-methoxy-but-3-enoic acid (Fig. 3.12), 
an amino acid containing an enol ether group. L-2-amino-4-methoxy-trans-but-3-
enoic acid (L-trans-AMB) was first isolated from a fermentation broth of P. 
aeruginosa ATCC-7700 (Scannell et al., 1972). This compound inhibits the growth of 
Bacillus sp. 1283B in a chemically defined medium (Scannell et al., 1972). In 
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addition, L-trans-AMB also shows a strong inhibitory activity against Escherichia 
coli K12 (Sahm et al., 1973).  As an antimetabolite, L-trans-AMB is an irreversible 
inhibitor of pyridoxal phosphate-linked aspartate aminotransferase (Rando, 1974; 
Rando et al., 1976; Cornell et al., 1984), and tryptophan synthase (Miles, 1978), and 
shows the activity to antagonize methionine uptake and utilization, and inhibits the 
growth of cultured tumor cells (Tisdale, 1980). Particular noteworthy is that L-trans-
AMB is also a potent inhibitor of the enzymatic synthesis of S-adenosylmethionine 
(SAM) in aminals (Sufrin et al., 1982). It remains highly intriguing to determine 
whether the compound can inhibit the biosynthesis of SAM in bacteria, as SAM is a 
precursor essential for the biosynthesis of AHL signals (Schaefer et al., 1996; Moré et 
al., 1996). 
PAi was reminiscent of L-trans-AMB in several comparable physical and 
chemical properties (Scannell et al., 1972), including the stability at high temperature 
(Fig. 3.3A) and in alkaline pH solution (Fig. 3.3B), and generating a yellow reaction 
product with ninhydrin (Fig. 3.9). However, I also noticed the difference in proton 
NMR data of PAi and L-trans-AMB (Table 3.2). With the exception of three protons 
in methoxy group, in which the δ-δ difference of L-trans-AMB and PAi was 0.70, the 
corresponding protons in other positions differed in similar values around 0.54-0.59. 
It appears that the δ values of PAi were down-shifted from that of L-trans-AMB by a 
constant. Whether the above difference in proton NMR data is due to instrumental 
error and whether PAi is truly L-trans-AMB remains to be validated by synthetic 
chemistry.  
The growth of E. coli in minimum medium is completely inhibited by addition 
of 8 µM L-trans-AMB at the time of inoculation (Sahm et al., 1973). A. tumefaciens 
showed a higher tolerance to the inhibitor than E. coli, on the assumption that PAi is 
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L-trans-AMB. Supplementation of 30 µM PAi at the beginning of bacterial culture 
(OD600 = 0.1) partially inhibited the growth of A. tumefaciens (Fig. 3.14A), whereas 
addition of same amount of the inhibitor to the bacterial culture at OD600 = 0.8 did not 
cause any side effect on bacterial growth (Fig. 3.15A). In both treatments, the AHL-
induced gene expression in A. tumefaciens was significantly inhibited (Fig. 3.14B; 
Fig. 3.15B). These data suggested the dual roles of PAi, i.e., an antibiotic at high 
concentration (relative to bacterial cell density) and a potent QS inhibitor at low 
concentration.  
To my knowledge, PAi is the first identified natural QSI isolated from 
bacteria. Previous natural QSI compounds have only been obtained from either plants 
or fungi (Bjarnsholt et al., 2005; Rasmussen et al., 2005a, b). The first natural QSIs 
were brominated furanone compounds from Australian macroalga Delisea pulchra 
(de Nys et al., 1993). These halogenated furanones showed a QS-inhibitory effect, 
because of their structural similarity to AHL molecules (Fig. 1.4). The exact 
mechanism of inhibition is unknown, but Western-blot analysis indicates that the 
furanones are able to promote rapid turnover of the LuxR protein, reducing the 
amount of protein available to interact with AHL and act as transcriptional regulator 
(Manefield et al., 2002). The synthetic derivatives C-30 and C-56, made using natural 
furanones as scaffold, proved to inhibit the QS system of P. aeruginosa (Manefield et 
al., 2002).  However, a drawback of these QSIs is that the halogenated furanones 
exhibit both toxic side effects and possible carcinogenic properties, which make them 
particularly unsuitable for pharmaceutical usage (Bjarnsholat and Givskov, 2007). 
This highlights the necessity of further QSI isolation and development of applicable 
QSI drug candidates. The discovery of PAi as a potent QSI candidate expands our 
present knowledge of natural QSIs. With the unique chemical structure and properties 
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which are completely different from previous reported QSIs, PAi represents a novel 
class of QSI with a distinct mechanism. This study may also facilitate a further QSI 




MOLECULAR MECHANISMS OF PAI PRODUCTION  
 
4.1 Introduction 
Pseudomonas aeruginosa is a ubiquitous gram-negative bacterium frequently 
isolated from both natural and clinical sources. It is virulent to a range of organisms, 
including bacteria, plants, nematodes, insects and mammals (Boman et al., 1972; 
Bucher and Stephens, 1957; Darby et al., 1999; D’Argenio et al., 2000; Jander et al., 
2000; Mahajan-Miklos et al., 1999; Plotnikova et al., 2000; Rahme et al., 1995; Tan 
et al., 1999). The pathogenic versatility of the pathogen is reflected by its large 
amount of secreted and surface-associated virulence factors and by the complicated 
regulatory networks controlling the production of these factors. The genome of P. 
aeruginosa strain PAO1 has been sequenced (Stover et al., 2000). The genome size of 
PAO1 (6.3 million base pairs) with over 5500 open reading frames (ORFs) is 
markedly larger than most other sequenced bacterial genomes. The genetic 
complexity of PAO1 is also highlighted by the presence of a large proportion (almost 
9% of the total number of the ORFs) of predicted regulatory genes, which may 
account for its remarkable ability to adapt and thrive in diverse environmental 
conditions.   
Quorum sensing (QS) is an important global gene regulatory mechanism 
involving cell-cell communication via small signal molecules. In P. aeruginosa and 
many other Gram-negative bacteria, these signal molecules are N-acyl homoserine 
lactones (AHLs). There are two major AHLs, 3OC12HSL and C4HSL, produced by P. 
aeruginosa via Las and Rhl systems, respectively. The two QS systems are arranged 
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in a hierarchical manner with the Las system positively controlling the Rhl system. 
Up to 11% of the genes in the genome of P. aeruginosa PAO1 are affected by the 
AHL signals (Hentzer et al., 2003; Schuster et al., 2003; Wagner et al., 2003; 
Whiteley et al., 1999). The expression of numerous virulence factors, including 
elastase, exotoxin A, phospholipase, protease, pyocyanin, cyanide, rhamnolipids and 
lectins, are regulated by Las and Rhl systems.  
As described in the chapter 3, from P. aeruginosa we isolated and 
characterized a putative QSI compound, tentatively named as PAi. PAi significantly 
suppressed the ability of Agrobacterium tumefaciens biosensor NT1 in responding to 
AHL signals. In this study, we intended to investigate the molecular mechanisms that 
control the PAi production. 
 
4.2 Materials and methods 
4.2.1 Chemicals, media and bacterial strains 
AHLs were synthesized as previously described (Zhang et al., 1993) and were 
purified using silica gel column chromatography and C18 reserve-phase HPLC. Other 
reagents were purchased from Sigma-Aldrich unless otherwise stated. 
The media for testing the PAi production were: LB medium (per liter contains 
10 g tryptone, 10 g yeast extract, 5 g NaCl, pH 7.2), King’s A medium (per liter 
contains 20 g peptone, 10 g glycerol, 10 g K2SO4, 1.4 g MgCl2, pH 7.2), King’s B 
medium (per liter contains 20 g peptone, 10 g glycerol, 1.5 g K2HPO4, 1.5 g 
MgSO4⋅7H2O, pH 7.2), and  MM medium (per liter contains 10.5 g K2HPO4, 4.5 g 
KH2PO4, 0.2 g MgSO4⋅7H2O, 5 mg FeSO4, 10 mg CaCl2, 2 mg MnCl2, 2 g 
(NH4)2SO4, 2 g Mannitol, pH7.2). 
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The P. aeruginosa strains used were QS mutant strains M71 (lasI::Tn5), MW1 
(lasI::tetA, rhlI::Tn501), DMR (∆lasR::Tcr, ∆rhlR::Gmr) and wild type strain PAO1. 
Escherichia coli strain BW020767 (pRL27) was used for generating transposon 
mutants. E. coli DH5α was used as a general host of plasmid vectors and constructs. 
 
4.2.2 AHL and QSI bioassay 
AHL and QSI bioassay were performed as described in chapter 2 and 3. 
 
4.2.3 TLC and overlay QSI bioassay 
TLC and overlay QSI bioassay were performed as described in chapter 3. 
 
4.2.4 Tn5 transposon mutagenesis 
To generate transposon mutants, overnight cultures of E. coli BW020767 
(pRL27) and the original target strain were mixed evenly, and plated on an LB plate 
for incubation at 37ºC for 5 h. Cells were then scraped off the plate, re-suspended in 
sterile water and plated on MM medium agar plates supplemented with kanamycin 
(100 mg/L). After incubation for 1 ~ 2 days at 37ºC, mutant colonies appeared. The 
individual transposon mutants were screened on bioassay plates. All the mutants 
showing expected phenotype were purified by re-streaking and further bioassay. The 
DNA sequences flanking the transposon insertion were analyzed with the NCBI 




4.2.5 Gene deletion and complementation  
Deletion of the internal sequence of PA2305 encoding peptide from 90-aa to 
1166-aa was carried out by allelic exchange following the methods described 
previously (Choi and Schweizer, 2005; Hoang et al., 1998) with a few modifications. 
The gene replacement suicide plasmid vector used was pEX18AP (Hoang et al., 
1998). The resulted deletion mutant was confirmed by PCR analysis and DNA 
sequencing.  
For complementation, the full coding region of the gene PA2305 with addition 
of 179 bp upstream (which may contain a native promoter of PA2305) was amplified 
by PCR using PAO1genomic DNA as a template. The 3.8 kb PCR product was 
digested with XbaI and EcoR1, and then ligated into the plasmid vector pUCP19 
(Schweizer, 1991). After verification by DNA sequencing, the complementary 
plasmid was transferred into the PA2305 mutant by electroporation and confirmed by 
PCR analysis.  
Primers used for deletion and complementation of PA2305 were listed in 
Table 4.1. 
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 Table 4.1    The PCR primers used for deletion and complementation of PA2305 
Primer name Sequence (5' → 3') * 
  
For deletion   
  
d2305_upF (BamHI)  TTAGGATCCGTCGCCATTTCGTGAAGAGTTTTT 
d2305_upR (FRT)  tcagagcgcttttgaagctaattcGCCGTAGCGTCCCAGCAGTA
d2305_dnF (FRT)  aggaacttcaagatccccaattCGGCCCCGGCGGTGGATGC 
d2305_dnR (HindIII)  CTGAAGCTTGTGGGAGGCTCGGGGTCGTCAGGA 
Gm_FRT_F cgaattagcttcaaaagcgctctga 
Gm_FRT_R cgaattggggatcttgaagttcct 




c2305_F (XbaI) GCGTCTAGATGGCTGAGGGTGTTCAACGTAGGG 
c2305_R (EcoRI) GGTGAATTCGAGCTGTTCGTTCCATCGCTGTTC 
    
 
*: Underlines indicate the restriction enzyme sites. Sequences in lower-case letters are 
the portion overlapped with the Gm_FRT primer sequences. 
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 4.3 Results  
4.3.1 Effect of medium composition on PAi production in PAO1 
To investigate the conditions and factors that may affect PAi production, I 
tested different media that had been used for culture of Pseudomonas. PAO1 grew 
well in LB or King’s B medium, in which bacterial culture reached highest OD600 at 
about 2.5 within 8 h. The growth of PAO1 was relatively poor in MM or King’s A 
medium with highest OD600 ~ 1.7 after overnight culture. The bioassay results 
showed that PAO1 produced more PAi in King’s A medium than in the other media 
tested (Fig. 4.1A). The PAi accumulated in the late growth phase, and reached the 
maximum 2 days after inoculation (Fig. 4.1B).  
Since the King’s A medium, which favors the pyocyanin production (King et 
al., 1954), seemed to result in more PAi production than other media, I tested the 
correlation between pyocyanin and PAi for their production. However, unlike 
pyocyanin, production of PAi was not repressed by supplement of iron in the medium 
















Fig 4.1  Bioassay of the QSI activities in different media 
A. Samples were concentrates from same amount (100 µl) of cell-free supernatants of 
2-day PAO1 cultures in (1) LB, (2) King’s A, (3) King’s B, except that  400 µl from 
MM culture of 2-day (4) and 4-day (5).  
B. Samples were concentrates from same amount (100 µl) of cell-free supernatants of 
PAO1 cultured in King’s A for (1) 0.5 day, (2) 1 day, (3) 1.5 day, (4) 2 days, (5) 3 
days, and (6) 4 days. 
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Fig 4.2  Effect of iron on the production of pyocyanin and PAi 
PAO1 was cultured in King’s A medium with (1) or without (2) addition of iron 
(FeSO4, 1mM). Cell-free supernatants were photographed and the blue color indicated 
the existence of pyocyanin (A). The QSI activities of concentrates from 100 µl cell-
free supernatants were monitored by plate bioassay (B). 
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4.3.2 PA2305 is essential for PAi generation  
A transopon mutant M435 generated by Dr. Dong Yihu has been identified as 
PAi-deficient. The sequencing analysis revealed the gene PA2305 was disrupted in 
the mutant strain by transposon insertion (Tn5 inserted at the nucleotide position 
1236). The gene product of PA2305 is a putative non-ribosomal peptide synthetase 
(NRPS) containing all the NRPS conserved domains responsible for amino acid 
adenylation, and peptide synthesis (Fig. 4.3). 
Homologs of PA2305 can only be found in Pseudomonas spp. The best 
homologue of PA2305 is PA14_34810 in another P. aeruginosa strain PA14. 
PA14_34810 has a same length of peptide (1249 aa), and showed 97.5% identity to 
PA2305.  Homologs in other Pseudomonas spp. were larger in size ranging from 3088 
aa (PSEEN3234 in P. entomophila L48) to 13537 aa (Psyr_2616 in P. syringea 
B728a), and had peptide identities around 35%. All these proteins, including PA2305 
and PA14_34810, were predicted as NRPSs, but have not been characterized 
experimentally.  
I generated a deletion mutant ∆PA2305 using wild type PAO1 as a parent 
strain and the QSI-bioassay confirmed that deletion resulted in PAi-deficient 
phenotype (Fig. 4.5A and B). For further confirmation, a high-copy complementary 
plasmid was constructed (Fig. 4.4), which was introduced to PA2305 mutants. 
Complementary experiments showed that by over-expressing the intact PA2305, the 
PAi production was restored fully in the deletion mutant strain ∆PA2305 but partially 
in the transposon mutant M435 (Fig. 4.5 C). 
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Fig 4.3  Predicted domain structures of PA2305 
The prediction was generated by a web-based tool (SMART: the Simple Modular 
Architecture Research Tool) (http://smart.embl-heidelberg.de/). The domain 
information and E-value were summarized below (Domains with scores less 
significant than established cutoffs are not shown). 
Name Begin End E-value 
low complexity  ( ) 56 79 - 
coiled coil   ( ) 120 148 - 
Pfam:AMP-binding 266 658 6.60e-130 
low complexity  ( ) 674 685 - 
Pfam:PP-binding 741 805 2.10e-07 
Pfam:Condensation 818 1112 1.20e-16 
 
Legends:  
( ), coiled coil regions; ( ), segments of low compositional complexity  
The arrow indicated the relative insertion site of Tn5 in the tranposon mutant M435. 










Fig 4.4  Complementary plasmid construct of pUCP19::PA2305 
The full coding region of the gene PA2305 with addition of 179 nts (which may 
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Fig 4.5    QSI bioassay of PAi-deficient mutants and their complementary strains 
A. Diffusion plate assay of QSI activity. Five microliters of overnight cultures of (1) 
PAO1, (2) M435 and (3) ∆PA2305 were loaded on top of the agar slices. The plate 
was incubated at 30ºC for 1 day before spotting the A. tumefaciens biosensor. 
B. QSI bioassay using bacterial extracts. Samples were concentrated from 100 µl 
King’s A supernatant of (1) PAO1, (2) M435 and (3) ∆PA2305. 
C. Expression of wild type PA2305 restored the QSI activity. Five microliters of 
overnight cultures were loaded on top of the agar slices. The plate was incubated at 
30ºC for 1 day before spotting the A. tumefaciens biosensor. Samples: 1, PAO1 
(pUCP19); 2, PAO1 (pUCP19::PA2305); 3, M435 (pUCP19); 4, M435 
(pUCP19::PA2305); 5, ∆PA2305 (pUCP19); 6, ∆PA2305 (pUCP19::PA2305). 
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 4.3.3 PAi production was impaired in QS dual mutants 
P. aeruginosa possesses two AHL QS systems, las and rhl. The two QS 
systems are organized in a hierarchical manner in which the las system regulates the 
expression of rhl system. We noticed that the operon PA2305-PA2302 was down-
regulated in QS mutants according to microarray analysis (Hentzer et al., 2003; 
Schuster et al., 2003; Wagner et al., 2003). This suggests that PAi production may 
depend on QS regulation. To test this possibility, we assayed the PAi production by 
QS mutants. The results showed that the QS dual mutants MW1 (lasI::tetA, 
rhlI::Tn501) and DMR (∆lasR::Tcr, ∆rhlR::Gmr) totally lost their abilities in 
producing PAi but not the lasI mutant M71 (lasI::Tn5) (Fig. 4.6).  
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Fig 4.6  TLC-overlay QSI bioassay of PAO1 and QS mutants 
Cell-free supernatant concentrates (equal to 100 µl of 2-day King’s A culture) were 
spotted on the silica TLC plate. The plate was developed using pure methanol. 
Samples: 1, PAO1; 2, M71 (lasI::Tn5); 3, MW1 (lasI::tetA, rhlI::Tn501); 4, DMR 
(∆lasR::Tcr, ∆rhlR::Gmr). 
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 4.4 Discussion 
PAi is a non-proteinogenic amino acid, which is not found in proteins or coded 
for in the standard genetic code. By screening the transposon mutants of P. 
aeruginosa PAO1, a PAi-deficient mutant M435 was identified. Sequencing analysis 
revealed that the gene PA2305 was disrupted by Tn5-insertion in this mutant. In-
frame deletion of PA2305 and subsequent complementation further confirmed that 
PA2305 was required for PAi production (Fig. 4.5A and B). It was noticed, however, 
that in trans expression of wild type PA2305 in the background of deletion mutant 
ΔPA2305 fully restored PAi production, whereas expression of the same construct in 
the transposon mutant M435 only partially restored PAi production (Fig. 4.5C). This 
may be due to the polar effect of the Tn5 insertion on the downstream genes (in this 
case, PA2304-PA2302), if any of them is also required for the production of PAi. The 
possibility can be further verified by individual deletions of every gene within the 
operon. If the production of PAi was also affected, additional experiments may be 
necessary to examine the genuine role the whole operon PA2305-PA2302. 
Interestingly, online search found that the operon PA2305-PA2302 is highly 
conserved among the Pseudomonas family but not other bacterial species (Fig. 4.7). It 
remains intriguing to explore whether PAi or any similar molecule can also be 
produced by other Pseudomonas bacteria. It really surprised me that this unique 
operon was not shown in other organisms. Whether it means PAi is an exclusive 
product of Pseudomonas bacteria? If possible, it could also be an interesting study to 




Fig 4.7       Occurrence of the protein homologues of those encoded by the operon 
PA2305-2302 in Pseudomonas and other bacterial families. 
The presence or absence of a protein in an organism is marked with a quantitative 
color scale, showing the amount of sequence conservation between the input protein 
and its best hit in the other species. The results were generated by an on-line tool 
STRING (Search Tool for the Retrieval of Interacting 
Genes/Proteins, http://string.embl.de/). 
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 Nonribosomal peptides (NRPs) are a very diverse family of natural products 
with diverse structures and an extremely broad range of biological activities. They are 
often toxins, siderophores, or pigments. NRP antibiotics, sytostatics, and 
immunosuppresants have been in commercial use. Bacteria and fungi use large 
multifunctional enzymes, so called nonribosomal peptide synthetases (NRPSs), to 
produce NRPs. In bacteria, NRPS genes are usually organized in an operon (Schwazer 
et al., 2003; Finking and Marahiel, 2004). The operon PA2305-PA2302 was predicted 
containing two NRPS genes, i.e., PA2305 (3.8 kb) and PA2302 (6.4 kb). The other 
two genes, PA2304 and PA2303, encode hypothetical proteins.  To the best of my 
knowledge, this operon and its encoded biological functions have not yet been 
characterized previously. It remains to be determined how the enzyme encoded by 
PA2305 is involved in biosynthesis of PAi. Given the fact that PAi is a 5-carbon 
molecule, it could be the first time demonstrating that NRPSs generate natural 
products of small molecules in contrast to usual NRPs.    
Secondary metabolites, including antibiotics and pigments, are organic 
compounds that are not directly involved in the normal growth, development 
or reproduction of organisms. Unlike primary metabolites, they are not absolutely 
required for the survival of the organism. Similar to typical secondary metabolites, 
PAi accumulated during late growth stages (Fig. 3.1 and Fig. 4.1B). This seemingly 
cell density-dependent pattern promoted us to check and examine whether QS is 
involved in the regulation of PAi production. 
P. aeruginosa possesses two AHL-type QS systems, i.e., las and rhl. The two 
QS systems are organized in a hierarchical manner in which the las system regulates 
the expression of rhl system. Literature searching found that the operon PA2305-
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PA2302 is down-regulated in QS mutants, according to microarray analysis (Hentzer 
et al., 2003; Schuster et al., 2003; Wagner et al., 2003). Consistently, we showed that 
the QS dual mutants MW1 (lasI::tetA, rhlI::Tn501) and DMR (∆lasR::Tcr, 
∆rhlR::Gmr) totally lost their abilities in producing PAi but not the lasI mutant M71 
(lasI::Tn5) (Fig. 4.6). These results seem to rule out the possible involvement of the 
las system in regulation of PAi production and indicate a role of the rhl system in 
regulation of PAi production. This proposition remains to be validated using rhlI and 
rhlR single-deletion mutants and matching complemented strains. 
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CHAPTER 5 
SIGNAL INTERFERENCE MECHANISMS IN EUKARYOTES 
 
5.1 Introduction 
Quorum sensing (QS) is a cell-cell signaling process that allows a bacterial 
population to coordinate gene expression in a cell density-dependent manner (Fuqua 
et al., 1994 and 1996). Bacteria use this mechanism to regulate a range of biological 
functions, including bioluminescence in Vibrio fischeri and Vibrio harveyi (Eberhard 
et al., 1981; Kaplan and Greenberg 1985; Cao et al., 1995; Schaefer et al., 1996; 
Surette et al., 1999), plasmid conjugal transfer in Agrobacterium tumefaciens (Zhang 
et al., 1993; Piper et al., 1993), antibiotic production in Pseudomonas aeruginosa 
(Pierson et al., 1994), surface motility in Serratia liquefaciens (Eberl et al., 1996; 
Givskov et al., 1997), biofilm development in Pseudomonas putida (Elasri et al., 
2001) and expression of virulence factors in Erwinia carotovora (Passador et al., 
1993). QS signals, such as acyl-homoserine lactones (AHLs), are the essential 
components in microbial QS systems. The opportunistic pathogen Pseudomonas 
aeruginosa produces two AHLs, N-(3-oxododecanoyl)-L-homoserine lactone 
(3OC12HSL) and N-butanoyl-L-homoserine lactone (C4HSL), which control 
production of extracellular virulence factors and biofilm formation (Passador et al., 
1993; Pearson et al., 1994 and 1995; Davies et al., 1998; Latifi et al., 1996). 
Productions of these AHLs are hierarchically regulated in that threshold levels of 
3OC12HSL are required to activate the synthesis of C4HSL (Pearson et al., 1995; 
Latifi et al., 1996). Considerable attention has been directed at developing anti-QS 
agents as possible infection control therapeutics (Dong et al., 2000 and 2001; Smith 
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and Iglewski 2003). This approach is particularly attractive in the case of P. 
aeruginosa because this bacterium could cause incurable chronic infections should 
occur in the individuals who are immune-compromised or with the genetic disease 
cystic fibrosis (CF). 
It has been shown that some bacteria have the ability to disrupt QS. For 
example, AiiA, an AHL-lactonase enzyme coded by the aiiA gene from Bacillus sp., 
can hydrolyze the lactone ring of AHLs produced by other microorganisms (Dong et 
al., 2000 and 2001). Evidence suggests that Bacillus may adopt this ability to boost its 
competitive strength in microbe-microbe interactions (Dong et al., 2004; Zhang and 
Dong 2004). Intriguingly, AHL enzymatic degradation activity has also been found 
recently in human epithelia cells (Chun et al., 2004), implying that QS interference 
may also be one of our innate defense mechanisms against microbial infections. 
However, it is not clear how widely this mechanism is conserved in higher organisms. 
In an attempt to use AiiA-specific antiserum to neutralize the AiiA enzyme, I 
happened to notice that anti-AiiA serum had a strong inactivation activity against 
3OC12HSL. Further examinations confirmed that this AHL-inactivating activity is 
enzymatic and widely conserved in the sera of mammalian animals including rabbit, 
mouse, horse, goat, bovine and human, but not in chicken and fish. It also showed that 
mammalian sera have a lactonase like activity but with a catalytic mechanism 
different from the bacterial AHL-lactonase.  
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5.2 Materials and methods 
5.2.1 Chemicals 
AHLs were synthesized as previously described (Zhang et al., 1993) and were 
purified using silica gel column chromatography and C18 reserve-phase HPLC. Other 
reagents were purchased from Sigma-Aldrich unless otherwise stated. 
 
5.2.2 Bacterial strains and media 
Agrobacterium tumefaciens strain NT1 (traR, tra::lacZ749) and 
Chromobacterium violaceum strain CV026 were used as indicators in the bioassay for 
AHL activity (Piper et al., 1993, McClean et al., 1997a). A minimal medium 
supplemented with X-gal (50 ng/ml) was used for bioassay using A. tumefaciens 
strain NT1 (traR, tra::lacZ749), and LB medium for bioassay using C. violaceum 
strain CV026 (Hu et al., 2003). 
 
5.2.3 Animal sera and purified AHL-lactonase 
Human, mouse and fish sera were obtained from fresh blood of healthy adults. 
Other sera used in this study were purchased from GIBCO, Invetrogen Corporation 
(Carlsbad, CA, USA). Purified AHL-lactonase was prepared as described (Dong et al., 
2001). Preparation of the rabbit AiiA-specific antiserum was described previously 
(Dong et al., 2001; Wang et al., 2004). 
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5.2.4 Bioassay of AHL inactivation activity  
The reaction mixtures containing the indicated animal sera and AHL in 0.1 M 
phosphate buffer saline (PBS, pH 7.3) were incubated at 37°C and subsequently 
stopped by heating at 95°C for 3 min. An aliquot (5 µl) of every reaction mixture was 
then loaded on top of a bioassay agar slice. After incubation at 28°C for 24 h, the 
distance was measured from the origin of the sample loading and the last induced blue 
colony (A. tumefaciens strain NT1 (traR, tra::lacZ749)) or purple colony (C. 
violaceum strain CV026). The remaining AHL in the reaction mixture was calculated 
based on this distance measured (Dong et al., 2000). 
 
5.2.5 AHL activity recovering by acidification 
After 3OC12HSL was completely inactivated by rabbit serum at 37°C for 2 h, 
the reaction mixture was acidified by adding hydrochloric acid to a final concentration 
of 0.1 M (pH 1~2). At different time points, 5 µl of acidified mixture was sampled 
and loaded on the bioassay plate to test its AHL activity. 
 
5.2.6 HPLC and electrospray ionization (ESI)-MS analysis  
3OC12HSL was digested by rabbit serum as described in section 5.2.4. . The 
subsequent HPLC analysis and ESI-MS characterization were conducted as previous 
described (Dong et al., 2001). For HPLC analysis, 20 µl of reaction mixture was 
injected to a reverse-phase HPLC column (Symmetry C18 , 5µ ,Waters, 4.6  250 mm) 
and eluted isocratically with 75:25 methanol /water (v/v) at a flow rate of 1 ml /min. 
ESI-MS and tandem mass spectrometry were performed on a Finnigan/MAT LCQ 
ion-trap mass spectrometer.  
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 5.2.7 Expression of mouse PON genes in Chinese hamster ovary (CHO) cell line 
PON genes were amplified using FVB/N mice liver total RNA using QIAGEN 
OneStep RT-PCR kit and corresponding primers (PON1, forward 5’- 
ggccatggcgaagctgctagcactc, reverse 5’- ggcttgtcacagatcacagtaaagagc; PON2, forward 
5’- ccatgggccggatggtggctctga, reverse 5’- tggaggcaggagggggaagc; PON3, forward 5’- 
agacaccatggggaagcttgtg, reverse 5’-agatctagaggtcacagtacagagc). After sequence 
verification, the PON genes were cloned into the mammalian expression vector 
pcDNA3.1(+) (Invitrogen), respectively.  The bacterial aiiA gene was also cloned in 
the same way as a positive control (Dong et al., 2000).  
CHO cells were grown as monolayers in 75 cm2 tissue culture flasks at 37ºC 
in 5% CO2 in an air-ventilated humidified incubator. Cells were grown in DMEM 
with 10% FBS, 2 mM L-glutamine, 50 U penicillin/ml and 50 μg streptomycin/ml. 
For expression of PON and aiiA genes, CHO cells were seeded at a density of 2 × 105 
cells/well in 24-well culture plates. Cells were transfected with LipofectamineTM 2000 
(Invitrogen) following manufacturer’s instruction. One day after transfection, culture 
supernatant was replaced with 200 µl culture medium containing 3OC12HSL, and 
AHL bioassay was carried out as previously described.  
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5.3 Results 
5.3.1 Rabbit serum degrades AHL signals 
In a preliminary experiment intending to neutralize the AHL-lactonase 
encoded by aiiA, we found that the rabbit AiiA-specific antiserum inactivated 
3OC12HSL quorum sensing signal. Similar activity was also found in the normal 
rabbit serum; addition of small amount of rabbit serum (2% v/v, or 0.9 mg total 
proteins per ml) almost completely inactivated 3OC12HSL (20 µM) at 37°C within 2 
h.  The inactivation activity was most likely due to enzyme(s) because degradation 
was very weak or not observed when the reaction took place at low temperature (ice 
cold)  or using boiling-denatured serum (Fig. 5.1A). Moreover, the serum-induced 
AHL inactivation could be inhibited by addition of metal-chelating agent EDTA (1 
mM) and the inhibition was overcome by addition of Ca2+ (2 mM), whereas EDTA 
alone had no effect on AHL activity (Fig. 5.1B). However, except for Ca2+, other 
divalent mental ions including Mg2+, Mn2+, Fe2+, Zn2+, Co2+, Cu2+ and Pb2+ could not 
activate the AHL-degrading activity of sera (data not shown). These findings indicate 

















































Fig. 5.1 Inactivation of AHL activity by rabbit serum and reactivation by 
acidification.  
A. Inactivation of AHL by rabbit serum. 3OC12HSL (20 µM) was incubated for 2 h 
in PBS buffer (pH 7.3) with or without rabbit serum (2%, v/v) at 37°C except 
otherwise stated. Sample: 1, 3OC12HSL in PBS; 2, rabbit serum on ice; 3, rabbit 
serum; 4, denatured rabbit serum (boiling water for 3 min).  
B. Effects of EDTA and Ca2+ on AHL-inactivation. Same conditions were used 
except the concentration of serum, 3OC12HSL and incubation time was reduced by 
half, respectively.  EDTA and Ca2+ were added to a final concentration of 1 and 2 mM, 
respectively. Sample: 1, 3OC12HSL in PBS supplemented with EDTA; 2, rabbit 
serum; 3 EDTA-treated rabbit serum; 4, EDTA-treated serum then supplemented with 
Ca2+.  
C. Reactivation of AHL activity by acidification. Rabbit serum inactivated 
3OC12HSL was acidified to pH 1~2 by adding HCl to a final concentration of 0.1 M 




 5.3.2 Rabbit serum lactonase activity 
Enzymatic degradation of AHL could occur at least at two positions, with one 
at the homoserine lactone ring and the other at the amide bond that links homoserine 
lactone and fatty acid moiety. AHL-lactonase inactivates AHL signals by hydrolyzing 
the lactone ring to produce acyl homoserine (Dong et al., 2001; Wang et al., 2004), 
whereas AHL-acylase breaks the amide bond of AHL signals to generate fatty acid 
and homoserine lactone, respectively (Leadbetter and Greenberg 2000; Lin et al., 
2003).  It is known that acyl homoserines can be re-lactonized at low pH to produce 
AHLs. We found that acidification of the serum-digested AHL samples for 30 min 
could restore about 51% of the AHL activity, and incubation of the acidified reaction 
mixture for 1 h fully reversed the serum inactivation (Fig. 5.1C). These findings 
suggest that the AHL-inactivation enzyme in serum could be a lactonase. To verify 
the possibility, we compared the reaction products digested by rabbit serum and the 
purified AHL-lactonase, respectively.  HPLC analysis showed that the retention time 
of 3OC12HSL was 9.93 min (Fig. 5.2A); reaction with rabbit serum or AHL-
lactonase produced only a single product peak with a retention time of 3.52 and 3.53 
min (Fig. 5.2B and C), respectively. Mass spectrometry analysis showed that the 
serum-hydrolyzed product was identical to the known AHL-lactonase hydrolyzed 
product with a M-H ion m/z of 314 (Fig. 5.2B and C), which is the calculated 
molecular size of acylhomoserine (Fig. 5.2D). These data verify the existence of a 
lactonase-like enzyme(s) in rabbit serum.  
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Fig. 5.2 HPLC (left) and ESI-MS (right) analysis of 3OC12HSL and 
digestion product  
(A) 3OC12HSL (5 mM). (B) AHL-lactonase (0.3 µg/ml) reaction mixture. (C) Rabbit 
serum (2% v/v) reaction mixture. (D) Mechanism of AHL-inactivation by AHL-
lactonase. Reaction was conducted at 37°C for 1 h, 20 µl of reaction mixtures were 
loaded to a C18 reverse-phase column (Symmetry) and eluted isocratically with 75:25 
methanol/water (v/v) at a flow rate of 1 ml/min. ESI-MS was performed on a 
Finnigan/MAT LCQ ion-trap mass spectrometer.  
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 5.3.3 Substrate specificity of serum lactonase 
To determine the substrate specificity of the rabbit serum lactonase, we 
synthesized and tested a range of AHL derivatives.  The results showed that rabbit 
serum could degrade a wide range of AHLs albeit with variable efficiencies. The 
substrate most efficiently degraded was 3OC12HSL, followed by C10HSL and 
3OC10HSL. The enzyme activity was affected by the length but not the substitution at 
the C3 position of the acyl chain of the AHLs (Fig. 5.3).  
 
5.3.4 AHL degradation activities varied among animal sera 
To determine whether other animals also have a serum-lactonase, we compared the 
activities of eight serum samples from different higher organisms. Although fish and 
chicken sera did not show detectable AHL-inactivation activity, all the tested 
mammalian sera including mouse, rabbit, horse, goat, human and bovine had strong 
inactivation activity against 3OC12HSL (Fig. 5.4). Among them, mouse and rabbit 
sera showed the highest relative enzyme activities. AHL degradation activity was not 
detectable in fish or chicken sera even after a prolonged incubation with 3OC12HSL 
for up to 12 h and with increased serum concentrations (data not shown), which 
precludes the possibility that these animal species may have a low level or weak AHL 
inactivation enzymes. We also found that all these mammalian serum enzymes had a 
similar substrate pattern as the rabbit serum, with EDTA as a potent inhibitor and the 































































Fig. 5.3 Substrate specificity of rabbit serum-lactonase  
AHLs (100 µM) were incubated with rabbit serum (1% v/v) for 10 min in PBS buffer 
(pH 7.3), followed by heating at 95°C for 3 min to stop the reaction. Five microliters 
of every reaction mixture was then loaded on top of a bioassay agar slice. The 
remaining AHL in the reaction mixture was determined as described (Dong et al., 















































Fig. 5.4 AHL-degrading activity by animal and human sera  
3OC12HSL (10 µM) and the testing animal sera (final concentration of total serum 
protein is 0.6mg/ml) were incubated at 37°C in PBS (pH 7.3) for 10 min before assay. 
The data represented the means with standard deviations of three independent 
experiments. 
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5.3.5 Animal cell line CHO expressing PONs enzymes showed strong AHL 
degradation activity 
The enzyme properties of serum lactonase(s), such as Ca2+ dependent and EDTA 
sensitive, resemble those of human and rabbit paraoxonases (PON1, PON2, and 
PON3), which catalyze the degradation of a range of substrates,  including 
homoserine lactone and those structurally similar to AHL signals (Jakubowski 2000; 
Draganov et al., 2000; Draganov and La Du 2004).  To determine whether PONs 
could degrade AHL signals, we cloned PON1, PON2 and PON3 genes from mouse in 
an expression vector. The recombinant animal CHO cell lines expressing PONs were 
assayed against 3OC12HSL.  Figure 5.5 shows that agreeable with previous findings 
that CHO cells had AHL-inactivation activity (Chun et al., 2004), expression of 
different mouse PON genes in the cells significantly increased the percentage of AHL 
degradation by about 3-fold, which was almost comparable to the cell line 
synthesizing AiiA, a known strong AHL-lactonase (Wang et al., 2004). 
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 Fig. 5.5 Relative AHL-inactivation activities of recombinant mouse PON 
CHO cells were infected with recombinant pcDNA3.1 vectors containing mouse 
PON1, PON2 or PON3. After overnight culture, the cells were washed once with 
DMEM followed by addition of 200µl DMEM containing 3OC12HSL in a final 
concentration of 20µM to each cell line. Cells were incubated at 37°C for 30 min, 
and the remaining 3OC12HSL in the reaction supernatant were determined by 


















































 5.4 Discussion 
The P. aeruginosa signal 3OC12HSL is a molecule of dual functions. It not 
only plays an important role in quorum-sensing modulation of the bacterial virulence 
gene expression (Passador et al., 1993; Pearson et al., 1994), but also has a more 
direct function as a virulence factor that interferes with human immune systems 
(Telford et al., 1998; Saleh et al., 1999). Conceivably, 3OC12HSL inactivation by 
host organisms could play an important role in defending against the bacterial 
infection. It has been demonstrated recently that expression of bacterial AHL-
lactonase in transgenic plants quenched the pathogen AHL signaling and attenuated 
infections by Erwinia carotovora (Dong et al., 2001). These studies suggested that 
quorum quenching (QQ) could be a valuable strategy for the control of bacterial 
infections (Zhang, 2003).   
Following the previous report of AHL inactivation activity in several human 
cell lines (Chun et al., 2004), I showed that the serum samples from six mammalian 
species, i.e., human, rabbit, mouse, horse, goat and bovine, displayed strong 
enzymatic degradation activity against a range of AHL signals. It was the lactonase(s) 
in mammalian sera contributing to AHL inactivation. The serum lactonase(s) opened 
up the lactone ring of 3OC12HSL and produced a single product identical to that 
hydrolyzed by the known bacterial AHL-lactonase encoded by aiiA (Dong et al., 
2001; Wang et al., 2004). However, unlike AHL-lactonase, serum lactonase activity 
was Ca2+ dependent and could be totally inhibited by metal chelator EDTA. The 
AHL-lactonase AiiA shares a highly similar but no identical zinc-binding motif with 
several metallohydrolytic enzymes (Carfi et al., 1995; Crowder et al., 1997; Dong et 
al., 2000), but subsequent analysis of the purified enzyme showed that AiiA does not 
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contain or require zinc or other metal ions for enzyme activity (Wang et al., 2004). 
These findings suggested that serum lactonse(s) and bacterial AHL-lactones should 
belong to different families of hydrolytic enzymes, although they share a same 
function in degrading AHL signals. 
The enzyme characteristics of serum lactonase(s) are highly reminiscent to 
those of paraoxonases (PONs).  PONs, including PON1, PON2 and PON3, are a 
group of enzymes that play a key role in organophosphate (OP) detoxification and in 
prevention of atherosclerosis (Draganov and La Du, 2004; Harel et al., 2004). PON1 
and PON3 are synthesized in the liver and secreted into blood, whereas PON2 is not 
detectable in plasma but is expressed widely in a number of tissues (Droganov, 2004). 
PON1 and PON3 can also hydrolyze a broad range of esters and lactones (Jakubowski, 
2000; Draganov et al., 2000). Coincidently, fish and avian species, in which no PON 
activity was detected in previous study (Brealey et al., 1980), did not show any AHL 
inactivation activity (Fig. 5.4). On the other hand, consistent with their comparable 
AHL-inactivation activities, mammalian animals contain highly conserved PON1, 
PON2 and PON3 enzymes. Moreover, similar to the previous findings that PONs are 
calcium-dependent enzymes in which the activity could be abolished by metal-
chelating agent EDTA, AHL-degrading activity in mammalian sera is inhibited by 
EDTA, which can be rescued by supplement of Ca2+ (Fig. 5.1B). Except Ca2+, other 
divalent mental ions including Mg2+, Mn2+, Fe2+, Zn2+, Co2+, Cu2+ and Pb2+ can not 
activate the AHL-degrading activity by sera (data not shown).  In addition, the cloned 
PON1, PON2 and PON3 genes from mouse encode strong AHL-degradation activity 
when expressed in animal cell line CHO (Fig. 5.5). All things considered, serum 
PONs are most likely responsible for the observed AHL degradation activity, which is 
consistent with the findings from Greenberg and collaborators that the AHL-
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inactivation activity found in human airway epithelia is due to PON enzymes 
(Greenberg et al., 2004). Almost at the same time when this study being published, 
other scientists reported that purified recombinant PONs from human, especially 
PON2, could effectively hydrolyze several AHL compounds including DL-3-oxo-
hexanoyl-HSL, DL-heptanoyl-HSL, DL-dodecanoyl-HSL, and DL-tetradecanoyl-
HSL (Draganov et al., 2005).   
In addition to causing infection in skins and lungs, P. aeruginosa also 
frequently causes nosocomial bloodstream infections, which is a serious infection 
with significant patient mortality and health care costs (Wisplinhoff et al., 2003; 
Micek et al., 2005). The findings from this study press the urgency to investigate the 
dynamics and the potential factors affecting the activity and protein turnover of these 
serum quorum quenching enzymes, especially in those nosocomial patients. Further 
characterization of their efficiency in AHL degradation, as well as their expression 
and distribution patterns, would allow for a fair assessment of their roles in defense 
against QS-dependent bacterial infections. 
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CHAPTER 6 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 
The past decade has seen the emergence of a new way of thinking about 
bacteria. Rather than existing as self-sufficient individuals, bacteria actually have a 
social life and undergo intensive intra- and inter-species communications. Quorum 
sensing (QS) is now known to be widespread in the prokaryotic world for regulating 
many important biological activities, including antibiotic production and expression 
of virulence genes, which are critical for microbial organism to maintain competitive 
advantages in microbe-microbe and pathogen-host interactions. It is reasonable that 
anti-QS signal interference mechanisms could have evolved in prokaryotic and 
eukaryotic kingdoms. In this study, I identified novel anti-AHL type QS signal 
mechanisms from bacteria and mammalian animals, including AHL-degradation 
enzymes and a QS chemical inhibitor. These original findings will aid on our 
understanding of microbial ecology and pathogen-host interactions, and may provide 
new insights on uncoupling microbial QS and developing novel signal interference 
drugs to prevent and control bacterial diseases.  
 
6.1 Main conclusions  
In summary, the following main conclusions can be drawn from the present 
study:  
(i) Multiple-species biofilms contain diverse bacterial species with QS or QQ 
activies. The fact that AHL-producing and AHL-degradation bacterial species 
coexisted in biofilms may indicate the sophisticated dynamics of QS signaling and 
signal interference in the determination of microbial composition in multi-species 
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biofilms. These observations might open a window for further in-depth study on 
biofilm physiology in a mixed culture system. 
 
(ii) A putative QS inhibitor (PAi), isolated from P. aeruginosa has been 
purified and characterized as 2-amino-4-methoxy-but-3-enoic acid. It is the first 
natural QSI identified from bacteria.  This QSI compound showed a strong inhibitory 
activity against the QS-dependent lacZ reporter gene expression. The inhibitory 
activity could be partially overcome by supplementation of AHL, which suggests that 
this QSI compound may interfere with QS regulation in a dosage-dependent 
competitive manner. 
  
(iii) An NRPS encoded by PA2305 is demonstrated to be necessary for PAi 
production. In trans expression of wild type PA2305 in the background of deletion 
mutant ΔPA2305 fully restored PAi production. The operon PA2305-PA2302, which 
has not yet been characterized previously, is highly conserved among the 
Pseudomonas family but not in other bacterial species. According to published 
microarray analysis, the transcription of PA2305 is under the regulation of QS. 
Consistently, I showed that the QS dual mutants MW1 (lasI::tetA, rhlI::Tn501) and 
DMR (∆lasR::Tcr, ∆rhlR::Gmr) were defective in PAi production. These results 
suggest the involvement of QS system in the regulation of PAi production. 
 
 (iv) A novel enzymic QQ mechanism is identified from eukaryotic kingdom. 
Further analysis revealed that mammalian sera possess a widely conserved catalytic 
mechanism different from bacterial AHL-lactonase AiiA, although they share a 
similar function in degrading AHL signals. Three mouse PON enzymes showed 
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potent QQ activities when expressed in animal cell lines. The findings recommend a 
possibility that bacterial QS signal molecules are the natural substrates of mammalian 
PON enzymes. The ordinary QQ occurrence among eukaryotes may represent an 
innate defense mechanism of host organisms.  
 
6.2 Recommendations for future study 
Apart from the above novel findings, my study also leads to some intriguing 
questions for further addressing: 
 
(i) How does PAi inhibit the QS-dependent gene expression in wild type A. 
tumefaciens? As shown in my study, PAi significant repressed the QS-dependent lacZ 
reporter gene expression in the biosensor strain NT1. However, it remains 
unidentified what is the direct target(s) of PAi. To resolve this, a sufficient amount of 
purified natural PAi or its identical compound by chemical synthesis is desirable for 
further experiments on wild type A. tumefaciens bacteria. Given the fact that PAi has 
a distinct structure from known identified QSI compounds, a different mechanism of 
QS signal interference could be expected. Further QSI development can also be 
carried out based on the information of PAi as a lead compound. 
 
(ii) What is the detail biosynthesis pathway of PAi? PAi is a kind of non-
proteinogenic amino acid, which is not found in proteins or coded for in the 
standard genetic code. Like many other secondary metabolites, the production of PAi 
is conditional and highly regulated. The operon PA2305-PA2302 is highly conserved 
among Pseudomonas family, and has been identified to be involved in PAi production. 
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Therefore, additional characterization and analysis of the operon PA2305-PA2302 
may help us to better understand the biosynthesis of PAi.  
 
(iii) How can we employ the identified QQ mechanisms into the control of 
bacterial infections and other applications? Investigation of the QQ mechanisms 
uncoupling the bacterial QS-dependent biological functions highlights the potential 
for medical, agricultural and industrial applications. The QQ strategy has been proven 
practical with the fact that transgenic plants expressing QQ enzymes can effectively 
quench bacterial QS signaling and collapse QS-dependent bacterial infections. The 
finding of different QQ machineries from prokaryotes and eukaryotes will result more 
prospective weapons to fight against bacterial pathogens. For example, if we apply 
some treatments which will boost expressions of PON enzymes, people may gain a 
stronger resistance to bacterial pathogens. However, there remains a challenge for us 
to explore the practical ways to fasten these innate defense QQ enzymes for the 
control of bacterial infections. It is still a long way to translate the scientific research 
findings into successful drugs.   
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